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A presença de poluentes emergentes (EP) nos cursos de água e os impactes destes no 
ambiente e na saúde humana é de extrema importância. Os estrogénios são um grupo de EP 
que possuem elevada prevalência no ambiente e toxicidade, mesmo a concentrações baixas, o 
que leva a ocorrência de impactes adversos tanto na vida selvagem com na humana. Neste 
grupo estão incluídos a estrona (E1), o 17-estradiol (E2) e o 17-etinilestradiol (EE2). 
A descarga de águas residuais no ambiente é uma das principais causas responsáveis 
pela entrada destes compostos no ambiente. As estações de tratamento de águas residuais não 
foram projetadas e dimensionadas para a remoção dos EP. Por isso, torna-se importante estudar 
tratamentos complementares para a remoção destes compostos, especialmente com o aumento 
do incentivo à reutilização de águas residuais tratadas promovido nos Objetivos para o 
Desenvolvimento Sustentável das Nações Unidas. 
Existem diversos tratamentos complementares que possibilitam a remoção de EP. O 
processo de adsorção é um dos mais comuns, uma vez que é de implementação e operação 
simples e, pelo que se conhece, não origina subprodutos tóxicos. Existem diversos tipos de 
materiais adsorventes, contudo, o mais utilizado é o carvão ativado (AC). O AC apresenta 
elevada capacidade de remoção de E1, E2 e EE2. Porém, a regeneração é um processo 
dispendioso e resulta num material com menor capacidade de adsorção. Por este motivo 
encontram-se em estudo alternativas, na procura de adsorventes mais económicos. A 
possibilidade de utilizar lamas de estações de tratamento de água (WTSs) que contêm AC como 
um adsorvente alternativo, poderá proporciona uma nova forma de gestão sustentável de 
recursos, alinhada com o conceito de economia circular e por outro lado irá contribuir para a 
descarbonização da industria de tratamento de água. 
A presente dissertação teve como objetivo o estudo do potencial das WTS que contêm AC 
na remoção de E1, E2 e EE2.  De forma a dar cumprimento ao objetivo proposto, foram 
estudadas duas WTS, enriquecidas com AC, de duas estações de tratamento de água, WTSs 
de Sta. Águeda e de Caldeirão. As duas demonstraram possuir potencial de adsorção, com 
eficiências de remoção de pelo menos 50%, sem diminuição da sua granulometria. Em relação 
à WTS de Caldeirão, as concentrações finais dos três estrogénios ficaram abaixo do limite de 
quantificação. Já em relação à WTS de Sta. Águeda, os resultados de remoção relativos a E1 e 
ao E2 foram semelhantes aos obtidos com a WTS de Caldeirão, contudo, em relação ao EE2 a 
eficiência de remoção foi inferior. Estes resultados evidenciam uma nova abordagem na gestão 
deste outrora resíduo e na remoção de EP. 
Palavras-chave: Poluentes Emergentes; Estrogénios; Lamas de Estações de Tratamento 




The presence of emerging pollutants (EP) in water bodies and its impacts on the 
environment and human health is of the utmost importance. Estrogens are a group of EP, that 
have a high prevalence in the environment and toxicity even at low concentrations, which leads 
to adverse impact in both wild and human life’s. This group include compounds such as estrone 
(E1), 17-estradiol (E2) and 17-ethinylestradiol (EE2). 
The discharge of wastewater into the environment is one of the main causes for the release 
of these compounds in the environment. Wastewater treatment plants are not designed to remove 
EP. Therefore, it is important to add complementary treatments to remove these compounds, 
especially with the increasing of the incentive of the reuse of treated wastewater, promoted by 
the United Nations (UN) Sustainable Development Goals. 
There are several additional treatments to accomplish EP removal. The adsorption process 
is one of the commonly used since it is simple to design and operate and does not generate toxic 
by-products. There are many kinds of adsorbent materials, however, the most used is activated 
carbon (AC). AC shows high removal capacity for the removal of E1, E2 and EE2. However, AC’s 
regeneration is an expensive process and result in a material with low adsorption capacity. As a 
result, efforts are being raised to find low-cost adsorbents. The use of water treatment sludges 
(WTSs) containing AC as an alternative adsorbent provides a new way of sustainable resources 
management, lining up with circular economy proposals and on another hand will contribute to 
the decarbonization of the water treatment industry. 
This work studied the potential of WTS containing AC for the removal of E1, E2 and EE2. 
For this purpose, WTS from two water treatment plants (WTP), St. Águeda WTS and Caldeirão 
WTS were characterised and tested as adsorbents. Both WTSs showed adsorption potential with 
efficiencies removal results above 50 %, without a significant decrease in their granulometry. For 
Caldeirão WTS final concentration for all the three EP were lower than the limit of quantification. 
As for St. Águeda WTS, the results for E1 and E2 removal were similar to Caldeirão WTS removal 
performance. However, for EE2 the removal efficiency was lower than the obtained with Caldeirão 
WTS. These results lead to a new approach in the management of this erstwhile reside and 
removal of EP. 
Keywords: Emerging Pollutants; Estrogens; Water Treatment Sludges; Adsorption 
Processes; Circular Economy. 
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1 Published Work 
In this chapter, it is possible to find the scientific article published in the Journal Molecules. 
The article has the following sections: Abstract, Introduction, Results and Discussion, Materials 
and Methods, Conclusions, Author Contributions, Acknowledgements and Funding, Conflicts of 




















































This work is divide into nine chapters. In the first chapter, which presents the article under 
revision that was made based on this work. The current one presents the structure of this work. 
The third chapter, which presents the the state of the art and the objectives of this work. The 
fourth one, which presents the materials and the methods used during this work. The fifth chapter 
includes the results obtained and their discussion. The sixth one which includes the conclusion 
obtained through this study and the future developments. The seventh chapter presents the 
bibliography that sports this thesis and the last one, in which it is present the annexes. 
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3 State of the Art 
3.1 Emerging Pollutants 
Water quality is a key aspect in today's societies since it is intrinsically linked with the 
preservation of the ecosystem, food safety, human health, poverty reduction, economic growth, 
social development and many other factors. Consequently, the preservation of water quality is 
essential to achieve sustainable progress (Gorito et al., 2017). Water quality is so important for 
the sustainable progress that it makes part of the 17 United Nations (UN) Sustainable 
Development Goals (SDG). The SDG’s sixth goal is clean water and sanitation, that have seven 
targets. One of these targets intends to achieve the improvement of water quality by reducing 
pollution, eliminating dumping and the release of hazardous chemicals and materials (Gorito et 
al., 2017; UN, 2016). 
 In recent years, the concerns about the presence of "emerging pollutants" in water bodies 
and its impacts on the environment and human health have been raised and are in agreement 
with the targets of elimination of hazardous substances proposed by the UN. The term emerging 
pollutants (EP) has been applied to a variety of chemical compounds without regulatory status in 
the environment, that are continuously introduced into the aquatic environment through 
anthropogenic sources (Anjali & Shanthakumar, 2019; Elizalde-Velázquez et al., 2016; Grassi et 
al., 2013; Mailler et al., 2016). 
 Currently, the presence of these compounds in aquatic environments is the utmost 
important aspect of water quality, therefore, it is imperative to establish water quality targets 
(Johnson et al., 2020; Maurício et al., 2018). EP can be natural or synthetic substances such as 
pesticides, hormones and antibiotics that are characterized by being bioactive and poorly 
degradable molecules that persist in the environment at low concentrations, ranging from 
micrograms to nanograms per litre or even lower, picograms per litre (Benstoem et al., 2017; 
Krahnstöver & Wintgens, 2018; Maurício et al., 2018; Gorito et al., 2017). This study focuses on 





In recent years, the research for the presence of EP in the environment has been 
increasing, especially for estrogens such as estrone (E1), 17-estradiol (E2), and 17-
ethinylestradiol (EE2) due to their high prevalence in the environment and their toxicity (Ashfaq 
et al., 2018; Bilal and Iqbal, 2019; Hamid and Eskicioglu, 2012). These EP are also classified as 
endocrine disrupting chemicals (EDC). EDCs are defined, according to the United States 
Environmental Protection Agency, as “exogenous agents that interfere with the synthesis, 
secretion, transport, binding, action or elimination of natural hormones that are essential for the 
maintenance of homeostasis, reproduction, development and behaviour” (Ben Fredj et al., 2015; 
Jung et al., 2015).  
There are more than 100 compounds that are classified as potential endocrine disrupters, 
among them the main classes of EDC are androgens and estrogens, pharmaceuticals and drugs, 
pesticides, synthetically produced medicines, detergents and industrial chemicals (Gadupudi et 
al., 2019; Vilela et al., 2018). These compounds have a structure similar to the hormones present 
in the organism, that even at the range of concentration previously mentioned can cause adverse 
impact (Giulivo et al., 2016; Vilela et al., 2018).  
The estrogens are hormones derived from cholesterol, that are released through the 
adrenal cortex, testes, ovary and placenta in both humans and animals. These hormones are the 
primary female sex hormones, that play an important role in reproductive and non-reproductive 
systems. The steroid estrogens are classified into natural, in which E1 and E2 are included, or 
synthetic hormones, in which EE2 is included. The hormones belonging to the class of natural 
steroid estrogens are produced by vertebrates and some insects and are also known as the C18 
steroidal group. This group is characterized by sharing the same tetracyclic molecular framework 
comprising four rings, one phenolic group, two cyclohexane and one cyclo-pentane ring (Adeel 
et al., 2017; Aris et al., 2014; Bilal & Iqbal, 2019; Hamid & Eskicioglu, 2012). 
 The differences between the compounds belonging to the C18 group lies in the 
configuration of the D-ring at positions C16 and C17. For instance, E1 has a carbonyl group on 
C17 while E2 has a hydroxyl group on C17. The EE2, as mentioned, is a synthetic hormone 
derived from E2, sharing a very similar chemical structure. The difference between them lies in 
the additional ethynyl group on the C17 in the EE2. This synthetic hormone is used in almost all 
oral contraceptive pills and as medicine in menopausal and postmenopausal syndrome, 
physiological replacement therapy in deficiency states, treatment of prostatic cancer and breast 
cancer in postmenopausal women and osteoporosis. EE2 is also used in animals to promote their 
growth and to prevent and treat reproductive disorders. The EE2 binding affinity for the human's 
estrogen receptor is one to two times higher than E2, and up to five times in some fish species. 
Therefore EE2 can be more potent compared with the natural steroid estrogens regarding the 
eliciting of an estrogenic response (Adeel et al., 2017; Aris et al., 2014; Hamid and Eskicioglu, 




Table 3.1 – Physicochemical properties of the studied compounds. 
E1 
CAS 53-16-7 
Molecular formula C18H22O2 
Molecular structure 
 
Peso Molecular (g/mol) 270.4(a)(b)(c) 
Water solubility (mg/L) 30(a); 13(b)(c) 
Log Kow
1 3.13(a)(b); 3.43(c) 
pKa2 10.4(a)(b); 10.3(c) 
Estrogenic potency 0.38(a) 
E2 
CAS 50-28-2 
Molecular formula C18H24O2 
Molecular structure 
 
Peso Molecular (g/mol) 272.4(a)(b)(d) 
Water solubility (mg/L) 3.6(a); 13(b)(d) 
Log Kow
1 4.01(a)(b); 3.94(d) 
pKa2 10.4(a)(b)(d) 
Estrogenic potency 1(a)(d) 
EE2 
CAS 57-63-6 
Molecular formula C20H24O2 
Molecular structure 
 
Peso Molecular (g/mol) 296.4(a)(b)(c)(d) 
Water solubility (mg/L) 116(a); 4.8(b)(c)(d) 
Log Kow
1 3.67(a)(b)(c); 4.15(d) 
pKa2 10.46-10.7(a)(d); 10.4(b)(c) ; 10.24(d) 
Estrogenic potency 1.19;1.5(a)(d); 1.62(d) 
1 Octanol-Water Partition Coefficient 
2 Acid Dissociation Constants 
(a) (Hamid and Eskicioglu, 2012)  
(b) (Rowsell et al., 2009) 
(c) (Adeel et al., 2017) 
(d) (Maurício et al., 2018) 
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The estrogens’ physicochemical properties are vital to understanding the behaviour of 
these compounds in soil and water systems. The Kow is defined as the ratio of a chemical’s 
concentration in octanol phase to its concentration in the aqueous phase of a two-phase octanol-
water system, which indicates the lipophilicity of a chemical. Therefore, the Log Kow value can be 
used to approximately predict the compound’s sorption behaviour. The estrogens can be 
classified as moderately hydrophobic compounds, due to their high Log Kow values, which means 
that these compounds tend to be adsorbed onto a solid surface (Adeel et al., 2017; Hamid & 
Eskicioglu, 2012; Rowsell et al., 2009; Ting & Praveena, 2017).  
Another parameter to highlight from the parameters present in the previous table is the 
estrogenic potency, that is obtained through a yeast-based in vitro bioassay. Comparing the 
values of the three hormones it is possible to see that EE2 has the highest estrogenic potency, 
followed by E2, while E1 has the lowest estrogenic potency. Among the EDC, EE2 and E2 are 
the ones with the highest estrogenic potency even at low concentration (e.g. ng/L), which leads 
to the adverse impacts of the presence of these compounds in the environment (Hamid and 
Eskicioglu, 2012; Maurício et al., 2018). 
 Estrogens Sources into the Environment 
Figure 3.1 shows the sources and routes of estrogens in the environment. Among the 
sources of estrogens in the environment, the livestock and the domestic and hospital wastewater 
are the main responsible for the release of these compounds in the environment. The estrogens 
are used in livestock to ensure the cattle growth rates, feed efficiency and to procure lean muscle 
mass (Adeel et al., 2017). These hormones are excreted through metabolic processes and 
released by the faeces and urine into the environment, which leads to soil and water resources 
contamination (Adeel et al., 2017; Zhao et al., 2019). 
 Domestic and hospital wastewater are another point source of these EP in the 
environment. The presence of estrogens in wastewater is one of the most studied since 
conventional treatments used in wastewater treatment plants (WWTP) are not designed to 
remove estrogens from wastewater. Therefore, compounds such the E1, E2 and EE2 are not fully 
removed in the WWTP leading to their discharge in water bodies (Vilela et al., 2018).  
The discharge of such compounds in water bodies can compromise human health once 
those water bodies may be the raw water used for producing drinking water (Wee et al., 2020). 
In other hand, in recent years there has been an increase in the incentive to reuse treated 
wastewater, lining up with the SDGs that also endorse this reuse as a target (UN, 2016). 
Consequently, there has been an increase of the use of treated wastewater for agriculture and 
potable purposes, which has led to an increment of concerns about the presence of these 




Figure 3.1 – Representative sources and routes of estrogens in the environment 
(adapted from Adeel et al., 2017; Barbosa et al., 2016) 
The presence of these compounds in wastewater can be explained by the fact that they 
are excreted through the humane’s urine and faeces. The estrogen hormones are excreted free 
and conjugated with glucuronide or sulfate forms, which can suffer biotransformation to their free 
forms. It is estimated that men excrete 3.9 and 1.6 g per day of E1 and E2 respectively, while 
women excrete higher values of these hormones. The amount of hormones excreted by women 
varies throughout life, for instance, menstruating women excrete 8 and 3.5 g per day of E1 and 
E2 respectively, while menopausal women excrete 4 g per day of E1 and 2.3 g per day of E2. 
The values excreted by pregnant women are 600 and 259 g per day of E1 and E2 respectively.  
The daily excreted value of EE2, that is the synthetic hormone present in contraceptive pills, is 
35 g. According to the literature, from the total EE2 ingested, from 80 % which is excreted un-
metabolized, 22-50 % is excreted through urine and 30 % through faeces (Ting and Praveena, 
2017). 
 Estrogens Impacts  
The presence of estrogens in the environment is a big concern due to their impact on living 
beings. Several studies reported the impact of natural and synthetic estrogens on fish life, such 
as feminizing male fish, reducing testes size, affecting reproductive fitness, lowering sperm count, 
inducing the reproduction of vitellogenin, altering other reproductive characteristics, and 
behavioural changes. For instance, the E2 even at concentrations as low as 100 ng/L is able to 
lead to changes in the manifestation of the urogenital papillae in male zebra-fish gonadal growth 
and sex ratio. Furthermore, EE2 has impacts in the fish life, at concentrations as low as 4.5 ng/L 
cause estrogenicity of male rainbow trout and stimulate the production of vitellogenin mRNA and 
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protein for both male and female fathead minnows, trout and Japanese medaka. EE2 is also 
associated with the reduction of fish biomass (Adeel et al., 2017; Aris et al., 2014; Hamid & 
Eskicioglu, 2012; Zhao et al., 2019). The estrogens' impacts on the fish compromise the food 
chain, however, the fish are not the only animals that suffer the consequences of the presence of 
these compounds in the environment. For example, 10 ng/L of EE2 affects directly the heart 
function of bullfrog tadpoles and also can cause feminization and sex reversal of the males of 
various amphibian species such as the wood frog at concentrations as low as 1.8 ng/L (Adeel et 
al., 2017; Zhao et al., 2019). 
Nonetheless, it is not only in the aquatic environment that the impacts occur. These 
compounds also have effects on the reproductive functions of mammals, birds and reptiles (Zhao 
et al., 2019). The uptake by fish and the presence of these compounds in the raw water supply 
that is used to produce drinking water to supply human communities, also have impacts in 
humans life. The impacts of the presence of estrogens in the drinking water and the food chain 
on humans are a debatable issue, however same impacts have been linked to these compounds. 
The consumption of these compounds, at concentrations above the safety levels, can increase 
the risk of cancer and induce cardiovascular diseases. Levels higher than the optimal have been 
linked with the increasing incidence of breast cancer in women and of prostate cancer in men. In 
addition to this, these compounds can also induce premature menopause, virilization in young 
women, a decline of sperm counts and men's reproductive health and feminization of men (Adeel 
et al., 2017; Hamid and Eskicioglu, 2012; Ting and Praveena, 2017). Therefore, the EP removal 
is more relevant than ever in the production of safe drinking water as well as in the responsible 
discharge of wastewater into the environment (Grassi et al., 2012). 
 Legislation  
In past years, an effort it has been seen to establish new approaches and legislation to 
monitor and mitigate the estrogens’ impacts by countries, such as the United States of America 
(USA), Canada, Japan and European Union (EU). The regulations and approaches implemented 
by the countries above mentioned are present in Table 3.2. 
 
Table 3.2 – Regulatory or approaches for estrogens (Ting & Praveena, 2017). 
Country Regulatory/approaches Field 
EU 
Directive 96/22/EC Uses in agriculture and aquaculture 
Directive 2003/74/EC  Veterinary control 
Directive 2000/60/EC Surface water and groundwater 
Directive 2008/105/EC Surface water 
Directive 2013/39/EU Surface water 
Decision 2015/495/EU Surface water 
Decision 2018/840/EU Surface water 
Decision 2020/1161/EU Surface water 
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Country Regulatory/approaches Field 
USA 
Contaminant Candidate List (CCL3)  Drinking water 
2-tier Endocrine Disruptor Screening Program 
(EDSP) 
Pharmaceutical intake 
Canada Wastewater Systems Effluent Regulations Wastewater 
Japan 
Strategic Program on Endocrine Disruptors 
(SPEED) 
Environment and organisms  
 
It can be seen from the table above that the EU is responsible for most of the legislation 
regarding estrogens. The Directive 96/22/EC intends to regulate the use of estrogenic compounds 
in agriculture and aquaculture, while the Directive 2003/74/EC focuses on animals, namely 
because it intends to reduce the circumstances in which E2 is administered. It can be 
administered under strict veterinary control for uses such as animal’s uterus disease, uterus 
induction and treatment of fetus maceration while being forbidden as a hormone to promote the 
animals' growth (Ting & Praveena, 2017). 
Despite the effort that has been made by the EU to improve the protection of the aquatic 
environment and human health, there are no legal discharge limits for these compounds yet. The 
Directive 2000/60/EC (Water Framework Directive, WFD) established an action plan in order to 
achieve a good ecological and chemical status of surface water, in which a strategy is established 
to define high-risk substances to be prioritized. Furthermore, EU established the need, by the 
Environmental Quality Standards Directive 2008/105/EC as amended by Directive 2013/39/EU 
(EQSD), for a new mechanism to accomplish high-quality monitoring information of forty-five 
priority substances and highlighting the demand to develop new water treatment solutions. In this 
last Directive, the first Watch List was proposed as a guideline of emerging aquatic pollutants, 
aimed at substances with insufficient available monitoring data or insufficient quality to identify 
the risk posed across the EU (Carvalho et al., 2015; Jaria et al., 2019; Sousa et al., 2019). 
The first Watch List published in the Decision 2015/495/EU (2015), encompassed ten 
groups of substances, with a total of seventeen substances classified as EP and established the 
monitored matrices and the possible methods of analysis for each substance. This list includes 
the hormones E1, E2 and EE2, and substances such as antibiotics and pesticides, among others. 
The fact that the compounds mentioned are detected at residual levels in environmental samples, 
requires the use of selective and sensitive analytical techniques. The indicative analytical method 
proposed for EE2 was large-volume solid-phase extraction (SPE) and liquid chromatography 
triple quadrupole mass spectrometry (LC-MS-MS) associated with a maximum acceptable 
method detection limit of 0.035 ng/L. The indicative analytical method proposed for both E1 and 
E2 was SPE and LC-MS-MS associated with a maximum acceptable method detection limit of 
0.4 ng/L (Barbosa et al., 2016; European Commission, 2015; Gorito et al., 2017; Sousa et al., 
2019).  
In 2018, the second Watch List has proposed by the Decision 2018/840/EU. In this update 
of the Watch List, five substances were removed from this list because it was considered that 
there were enough monitoring data. However, the estrogens present in the first list were 
maintained in this one. This Decision included three new substances, one pesticide and two 
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antibiotics. In this Decision, the methods of analysis suggested in the previous decision remained, 
as well as the maximum acceptable method detection limit (Jurado et al., 2019; Pesqueira et al., 
2020). 
The last update of the Watch List was published in 2020 by the Decision 2020/1161/EU. In 
this last version, only three compounds from the previous Watch List remained. The E1, E2 and 
EE2  were removed from the Watch List because the Article 8b(2) of Directive 2013/39/EU 
establishes that a substance can only remain on the Watch List continuously for a period of four 
years, therefore the period of the compounds previous mentioned ceased in 2019 (European 
Commission, 2020). 
The monitorization of these compounds in drinking water is also important in other to 
protect the human’s health. The World Health Organization (2017) presented a benchmark value 
for E2 (0.001 µg/L). The purpose of this benchmark value is to determine if the surface water is 
impacted by the discharged of treated wastewater. 
 Estrogens in Wastewater Treatment Plants 
According to several studies, WWTP discharges are the most important point sources of 
EP into water bodies, once many of these compounds pass through the WWTP process, lacking 
significant removal (Bai and Acharya, 2019; Benstoem et al., 2017; Hamid and Eskicioglu, 2012; 
Hu et al., 2016; Jaria et al., 2019). Compounds such hormones can be completely or partially 
metabolised by the human metabolism, consequently, the unchanged or partially metabolised 
compounds are excreted via urine and faeces, reaching the WWTP (Sousa et al., 2019; Ting and 
Praveena, 2017). Conventional wastewater treatment processes are designed to remove carbon 
sources, particles, nutrients and some pathogenic agents, but are insufficient to remove EP that 
are found at low concentrations in wastewater, which leads to their discharge into the aquatic 
environment (Guillossou et al., 2019; Krahnstöver & Wintgens, 2018). 
In Table 3.3 are presented some the mean detected concentration of the studied 
compounds in the WWTP influent and their removal. The concentrations of these compounds in 
the WWTP influent vary in the literature, as the capacity WWTP for their removal. The E1 reported 
concentrations vary between 3.3 to 84.0 ng/L, and the removal capacity for this compound ranges 
between 34.5 to 92.0 %. The biggest removal capacity reported is associated with a treatment 
with conventional activated sludge followed by advanced treatment with ultraviolet radiation.  
The E2 reported concentrations vary between 3.0 to 119.0 ng/L, and the removal capacity 
for this compound ranges between 0 to 97.1 %. The biggest removal capacity reported is 
associated with treatment with conventional activated sludge. The EE2 reported concentrations 
vary between 0.8 to 155.0 ng/L, and the removal capacity for this compound ranges between 17.0 
to 100 %. The biggest removal capacity reported is associated with a treatment with conventional 
activated sludge, followed by advanced treatment with ultraviolet radiation. Like it is possible to 

















E1 Canada Conventional activated 
sludge 
29.5 80 (Lishman et al., 2006 in 
Ting and Praveena, 
2017) 
China Conventional activated 
sludge 
10.2-34.9 49.5 (Zhang et al. 2011 in 
Ting and Praveena, 
2017) 
Iran Conventional activated 
sludge 
11.4 71.8 (Mohagheghian et al., 
2014 in Ting and 
Praveena, 2017) 
Italy Conventional activated 
sludge 
35.0  54.3 (Lagana et al., 2004 in 
Ting and Praveena, 
2017) 
Korea Conventional activated 
sludge 
47.0 87.1 (Behera et al., 2011 in 
Ting and Praveena, 
2017) 
Korea Conventional activated 
sludge 
29.0 34.5 (Sim et al., 2011 in Ting 





84.0 72.6 (Manickum and John, 
2014 in Ting and 
Praveena, 2017) 
Sweden Conventional activated 
sludge with chemical 
treatment 
3.3 78.0 (Zorita et al. 2009 in 
Barbosa et al., 2016) 
Turkey Conventional activated 
sludge 
27.0 74.0 (Komesli et al., 2015 in 
Couto et al., 2019) 
UK Conventional activated 
sludge 
15.0 80.0 (Koh et al., 2007 in Ting 
and Praveena, 2017) 
UK Conventional activated 
sludge with ultraviolet 
20-60 78-92 (Zhang and Zhou, 2008 
in Ting and Praveena, 
2017) 
E2 China Conventional activated 
sludge 
85.0  73.0 (Cui et al., 2006 in Ting 
and Praveena, 2017) 
China Conventional activated 
sludge 
46.6-93.0 69.3 (Zhang et al. 2011 in 
Ting and Praveena, 
2017) 
Iran Conventional activated 
sludge 
3.0 68.2 (Mohagheghian et al., 
2014 in Ting and 
Praveena, 2017) 
Italy Conventional activated 
sludge 
8 37.5 (Palli et al., 2019) 
Italy Conventional activated 
sludge 
5 0.0 (Palli et al., 2019) 
Italy Conventional activated 
sludge 
8 37.5 (Palli et al., 2019) 
Italy Conventional activated 
sludge 
25.0 76.0 (Lagana et al., 2004 in 
Ting and Praveena, 
2017) 
Korea Conventional activated 
sludge 
47.0 87.1 (Behera et al., 2011 in 






119.0 83.2 (Manickum and John, 
2014 in Ting and 
Praveena, 2017) 
Sweden Conventional activated 
sludge with chemical 
treatment  
14.5 47.0 (Zorita et al. 2009 in 
Barbosa et al., 2016) 
UK Conventional activated 
sludge 
5.0 86.0 (Koh et al., 2007 in Ting 












EE2 China Conventional activated 
sludge 
155.0 67.0 (Cui et al., 2006 in Ting 
and Praveena, 2017) 
Iran Conventional activated 
sludge 
6.2 80.4 (Mohagheghian et al., 






30.0 90.0 (Manickum and John, 
2014 in Ting and 
Praveena, 2017) 
Spain Conventional activated 
sludge 
133.3 47.0 (Martin et al., 2012 in 
Ting and Praveena, 
2017) 
UK Conventional activated 
sludge 
1.2 17.0 (Koh et al., 2007 in Ting 
and Praveena, 2017) 
UK Conventional activated 
sludge with ultraviolet 
0.8-10.0 77-100 (Zhang and Zhou, 2008 
in Ting and Praveena, 
2017) 
USA Conventional activated 
sludge with microfiltration, 
granular activated carbon 
and ozonation 
140.0 96.0 (Yang et al., 2011 in 
(Barbosa et al., 2016) 
 
To reduce the negative impact of the discharge of these compounds in aquatic 
environments, it is imperative to add complementary treatments to improve the removal of EP 
effluent before disposal. The complementary treatments that are needed will minimize the 
concentration of EP in wastewater, ensuring the safety of the reuse that has become a priority 
nowadays (Grassi et al., 2013; Guillossou et al., 2019; Ho et al., 2011; Hu et al., 2016; Mailler et 
al., 2016).  
There are several additional treatments to accomplish EP removal, such as ozonation, 
advanced oxidation, membrane filtration and adsorption (Grassi et al., 2013; Guillossou et al., 
2019; Luján-Facundo et al., 2019). Most of the methods above mentioned are not techno-
economically viable for large-scale implementation, namely due to their complex maintenance, 
high investment cost and operating costs, and toxic by-product generation (Luján-Facundo et al., 
2019; Sophia A. & Lima, 2018).  
On the contrary, the adsorption process is considered by some authors to be one of the 
most promising treatment processes with high EP removal capacity, namely because it is simple 
to design and operate, has a low investment cost, enables the reuse and regeneration and does 
not generate toxic by-products (Boehler et al., 2012; Grassi et al., 2013; Ifelebuegu, 2012; Luján-
Facundo et al., 2019; Mailler et al., 2016; Sophia A. and Lima, 2018). 
The adsorption process resides in a mass transference process in which accumulation of 
substance at the interface of two phases occurs. The two phases can be gas-liquid, gas-solid, or 
liquid-solid. The substance adsorbed is designated as adsorbate and the adsorbing material is 
called adsorbent. There are many kinds of adsorbent materials, however, the most used is 
activated carbon (AC) (Grassi et al., 2012; Marsh and Rodríguez-Reinoso, 2006). 
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3.3 Activated Carbon  
AC is a term that covers a broad range of amorphous carbonaceous materials 
characterized by having a high degree of porosity sizes that vary from visible slits to molecular 
size pores, associated with a pore volume ranging between 0.7 to 1.8 cm3/g. This high degree of 
porosity is responsible for the large specific surface, ranging between 800 to 1 500 m2/g. AC is 
normally used as granular activated carbon (GAC), which has a diameter greater than 0.1 mm, 
or powdered activated carbon (PAC), which has a diameter of less than 200 mesh (Bansal & 
Goyal, 2005; Çeçen & Aktaş, 2011; Luján-Facundo et al., 2019; Metcalf & Eddy, 1995; Paredes 
et al., 2018). 
 ACs are composed by microcrystallites that consist of fused hexagonal rings of carbon 
atoms, similar to the structure of graphite. The AC surface is composed of basal planes, inorganic 
ash and superficial groups. The superficial groups are derived from the heterogeneous elements 
presents in the raw material. Among these heterogeneous group of elements, the most important 
constituent of AC is carbon, that is present to the extent of 85 to 95 %. AC also contains several 
other elements such as hydrogen, nitrogen, sulphur and oxygen depending on the raw material 
used or additional treatments used after activation. The ash content of ACs is normally beneath 
15 % (Bansal & Goyal, 2005; Çeçen & Aktaş, 2011; Jeirani et al., 2017; Krahnstöver & Wintgens, 
2018).   
AC is prepared from various raw materials such as coal, sludge, wood char, carbon black 
coconut shells, etc, that are subject to an activation process (Jeirani et al., 2017; Metcalf & Eddy, 
1995; Mohan & Pittman, 2006). The activation process can be physical or chemical. The physical 
activation is normally executed via a two-step process, the first consists of the pyrolyzed of the 
carbonaceous material at temperatures lower than 800 ºC in the absence of air, the second one 
comprises the activation of the obtained carbon under an oxidizing atmosphere, such as steam 
and carbon dioxide. However, these two steps have been integrated into a single-step process, 
in which the pyrolysis is carried out under a stream of an oxidizing gas, which leads to a reduction 
of the production cost (Bansal & Goyal, 2005; Hadi et al., 2015). 
 Chemical activation is based in a single-step process in which the carbonaceous matter is 
soaked in a dehydrating agent, like potassium hydroxide or phosphoric acid, and posteriorly 
activated at high temperatures under an inert atmosphere. The chemical activation offers some 
benefits such as a lower activation temperature and higher carbon yield, however, this process 
can be more expensive due to the high cost of the activating agents. It is also important to refer 
that it has been reported that the use of an oxidizing environment instead of an inert atmosphere 
is beneficial in terms of porosity and formation of surface functional groups (Bansal & Goyal, 
2005; Hadi et al., 2015).  
After activation, the inner surface is composed of microcrystalline ununiform graphite layers 
in basal planes. This activation process can be complemented by other treatments in order to 
modify the surface to promote the formation of oxygen and nitrogen containing functional groups 
(like hydroxyl, carboxyl, phenol, etc.), like acid treatment, oxidation, ammonization or thermal 
treatment. Therefore, the activation process provides a change in the characteristics of the raw 
material originating a material with the largest number of pores of several shapes and sizes, 
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creating a material with an extended and extremely high surface area (Bansal & Goyal, 2005; 
Jeirani et al., 2017; Krahnstöver & Wintgens, 2018). 
 Adsorption onto Activated Carbon  
The process of adsorption resides in the accumulation or concentration of substances at a 
surface or interface of two phases, and in the case of AC, the adsorbing phase is a solid. The 
adsorption process strongly depends on the hydrophobic character of the compounds, since the 
solubility of a dissolved substance is the most important factor for the intensity of the adsorption. 
Hydrophilic compounds tend to stay dissolved in the water, therefore they are less adsorbable on 
a solid phase, while on the contrary, hydrophobic compounds tend to be adsorbed. The affinity of 
the solute for the solid due to electrical attraction between these two is another factor from which 
the adsorption depends. This kind of affinity can occur due to van der Waals forces or chemical 
interactions with the AC. These two types of interactions result due to the high affinity of the 
adsorbate for the adsorbent, which promotes the adsorption process (Çeçen & Aktaş, 2011). 
In a liquid-solid system, the transport mechanisms are associated firstly with the transport 
of the adsorbate from the bulk solution to the boundary layer of water surrounding the AC particle. 
This process can occur by diffusion in static water or through turbulence due to the mixing or the 
flow passage. When there is an additional resistance to the mass transport of the adsorbate to 
the AC surface, from the bulk solution across the stationary layer of water that involves the AC, 
the transport mechanism is called external diffusion (Çeçen & Aktaş, 2011). 
 In this mechanism, the mass transport through this layer occurs due to the difference of 
concentration, by molecular diffusion. The rate of this diffusion depends on the hydrodynamic 
properties of the system. Another transport mechanism is the intraparticle (internal) diffusion. This 
mechanism involves the transfer of the adsorbate from the surface of the AC to the sites within 
the particle and is independent of the hydrodynamic properties of the system but depends on the 
pore structure. This mechanism can occur by pore diffusion, that is the molecular diffusion of 
solutes in fluid-filled pores, or by surface diffusion, which is the diffusion of solutes along the 
adsorbent surface after adsorption takes place, and only occurs when the surfaces’ forces are 
not strong enough to prevent the surface mobility of the molecules. These two intraparticle 
processes often act in parallel in the interior of the AC. After the adsorbate transport to an 
available site, an adsorption bond is formed (Çeçen & Aktaş, 2011). 
The adsorption process can be defined as physisorption or chemisorption that depending 
on the conditions can both occur simultaneously or alternatively. The first one occurs when the 
interaction between the solid surface and the adsorbed molecules has a physical nature. The 
adsorbate is attached to the AC surface by relatively weak van der Waals forces, which results in 
a reversible process. The chemisorption occurs when the attraction forces between the adsorbed 
molecules and the solid surface are due to an exchange of electrons between the adsorbate 
molecule and AC surface sites, therefore becoming chemically bound. The chemisorption 
happens only as a monolayer, contrarily to the physisorption. On the other hand, this type of 
adsorption is associated with stronger forces which make it hard to remove substances 
chemisorbed (Çeçen & Aktaş, 2011; Grassi et al., 2012; Krahnstöver & Wintgens, 2018). 
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The removal of estrogens using AC has been studied over the past years, in both water 
and wastewater. Chang et al. (2004) studied the removal of E1 from the WWTP secondary 
effluent with PAC through flask adsorption experiments. This study used different concentrations 
of E1 (17.2 to 120.0 ng/L) and PAC (0.5 to 100.0 mg/L), to assess the impact of the E1 initial 
concentration and the impact of PAC dosage. They achieved the removal of 95 to 96 %, and the 
highest removal was associated with the highest PAC dose, in which the adsorption was limited 
by the exhaustion of removable estrone in the solution, while at low PAC doses the estrone 
competed for a limited number of surface sites, with other compounds present in the wastewater. 
Guillossou et al. (2020) also studied the removal of E1 from wastewater with micro-grain activated 
carbon, which had a particle size between 100 to 800 µm. They used nitrified wastewater 
containing 67.9 ng/L of E1 and a dose of 10 mg/L of micro-grain activated carbon with which it 
was obtained the removal of 42 % of E1.  
Fuerhacker et al. (2001) assessed the adsorption of E2 from water with three types of GAC. 
In this study, they used five different concentration of E2 (0.5, 1, 10, 50 and 100 ng/L) to simulate 
a realistic range of concentration present in groundwater or surface water. In this study, they 
concluded that all the ACs can be used for the removal of E2, reducing the risk of the presence 
of this compound in drinking water. In the research made by Ifelebuegu et al. (2006), they 
assessed three types of GAC for the removal of EE2 from WWTP final effluent. In this study 
dosages of AC raising between 0.1 to 3.0 g/L were used to remove the EE2 present at a 
concentration of 18.40 ng/L. This adsorption study achieved removal efficiencies higher than 96 
% for all the AC at the lowest dosage. Kovalova et al. (2013) also studied the removal of EE2 
from wastewater using PAC, achieving a removal efficiency of 90 %. 
Fukuhara et al. (2006) studied the adsorbability of E1 and E2 from water using AC with 
various pore-size distributions. In this study, they concluded that the E1’s adsorbability is slightly 
higher than the E2, due to its higher hydrophobicity. Another conclusion of this study was that the 
efficiency of the adsorption is correlated with the pore diameter. Large pore diameter has a lower 
adsorption capacity than a small pore diameter. Gökçe & Arayici (2016) also studied the removal 
of E1 and E2 with AC, although the AC used was driven from WWTP sludge, achieving removal 
rates between 88 and 94 %. 
 In the study done by Ifelebuegu (2012), he studied the adsorption of E2 and EE2 from 
water onto AC, to understand the adsorption process of this compound, concluding that 
adsorption of E2 and EE2 occurs mainly due to chemisorption supported by some van der Waals 
forces. Yoon et al. (2003) also studied the removal of E2 and EE2 by AC. In this study, the 
potential use of PAC for the removal of E2 and EE2 in drinking water was assessed. To this end, 
they studied six types of PAC, and different dosages ranging between 1 to 50 mg/L. With the 
dosage of 15 mg/L, estrogens removal greater than 99 % was obtained for almost every type of 
PAC.  
Polloni-Silva et al. (2017) also studied the PAC’s capacity for removal of E2’s and EE2’s 
estrogenicity in milliQ-water and wastewater. For that, they used 500 mg/L of PAC. With this 
dosage, they achieved the estrogenicity removal in milliQ-water of 97.0% for E2 and 86.4 % for 
EE2, and in wastewater, the estrogenicity removal of E2 and EE2 was of 99.8 and 97.6 % 
respectively. Saha et al. (2010) also studied the removal of E2 and EE2 using four types of GAC 
with successful results. This study concluded that the adsorption capacity of AC was related to 
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the surface and the microporosity. Another conclusion made was that the estrogens adsorption 
seems to be due to hydrophobic interactions. In this study, some differences in the adsorption of 
these two compounds were verified, according to Saha et al. (2010) EE2 was less adsorbed than 
E2 probably because of size exclusion. 
In the study done by Nolasco et al. (2017), the removal of E1, E2 and EE2 with AC in 
deionized water was studied, having concluded that 50 mg/L of AC is the most effective 
concentration. Rowsell et al. (2009) also studied the removal of E1, E2 and EE2 with AC. In this 
study, the adsorption capacity of two types of GAC (a virgin and a reactivated AC) in both distilled 
water and wastewater was assessed. This study was made through a small-scale column test 
using three different bed volume and three estrogens concentrations (10, 25 and 50 µg/L). The 
results in distilled water showed removal efficiencies greater than 95 % for the biggest bed volume 
and greater than 55 % in the smallest bed volume. Comparing the two types of GAC, it was 
possible to see that the virgin AC had obtained removal efficiencies slightly higher than the ones 
obtained with the reactivated carbon. However, in wastewater, the removal efficiencies achieved 
by the reactivated GAC (81 %) were higher than the ones obtained with the virgin carbon (65 %). 
 Activated Carbon Characteristics  
Many factors influence the EP removal efficiency of AC, however, the most important 
factors are their pores and chemical structure. AC’s pores structure consists in the space formed 
among the graphite layers, which is responsible for its unique adsorption properties (Alves, 2010; 
Bansal and Goyal, 2005; Hadi et al., 2015; Marsh and Rodríguez-Reinoso, 2006). This structure 
originates during the carbonization process. This process and the raw material will determine the 
structure of the pores and their size distribution. However, it is during the activation process that 
this structure is further developed, when the space among the elementary crystallites is cleared 
of carbonaceous material, increasing the volume and enlarging the diameters of the pores 
(Bansal and Goyal, 2005).  
AC’s pores have many sizes and shapes, and the shape doesn’t influence the adsorption 
process. According to the classification adopted by the International Union of Pure and Applied 
Chemistry (IUPAC), there are three groups of pores, and each one plays a specific role in the 
adsorption process:  
− Micropores: pores with a diameter inferior to 2 nm. These pores have a pore 
volume of 0.15 to 0.70 cm3/g, and their surface area represents about 95 % of the 
total surface area of the AC. Due to these characteristics, this group of pores is 
determinant to the adsorption capacity of ACs, unless the adsorbate molecules are 
not too large to enter into these pores. The adsorption in these pores essentially 
occurs through the pore-filling process, therefore the volume is the most important 
parameter to control the adsorption in micropores. The adsorption energy 
associated with these pores is much larger relative to the other pores or the 
nonporous surface, because of the overlapping of adsorption forces from the 
opposite walls of the micropores; 
− Mesopores: pores with a diameter between 2 – 50 nm. These pores do not 
represent a significant contribution to the surface area of AC, since their surface 
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area does not exceed 5 % of the total surface area of the AC. Their pore volume 
range between 0.1 and 0.2 cm3/g. On the surface of these group of pores mono 
and multilayer adsorption takes place. The adsorption occurs by capillary 
adsorbate condensation. The elementary parameters to characterise mesopores 
are the specific surface area, the pore volume and the pore size distribution; 
− Macropores: pores with a diameter larger than 50 nm. These pores are associated 
with a small surface area (inferior to 0.5 m2/g) and for this reason, they are not of 
considerable importance to the adsorption process. Their pore volume varies 
between 0.2 and 0.4 cm3/g and they act as transport conduits for the adsorbate 
into the meso- and micropores (Alves, 2010; Bansal and Goyal, 2005; Çeçen and 
Aktaş, 2011). 
As previously mentioned, the pore size has a high impact in the adsorption process, namely 
because as the pore width approaches the adsorbate dimensions, it leads to the development of 
multiple contact points between the adsorbate and the surface of the AC. This leads to an overlap 
of surface forces that result in stronger adsorption energy, which consequently increases the 
adsorption of adsorbate by the microporous. The more microporous there are in the AC the 
greater adsorption of low molecular weight will be, due to the high adsorption energy associated 
with the microporous. Despite macro- and mesopores adsorption being less relevant than the 
adsorption in micropores, these pores play an essential role in the transport of the adsorbate 
through the micropores (Çeçen and Aktaş, 2011; Jeirani et al., 2017). 
As aforementioned the porous structure is responsible for the large specific surface area 
of ACs, which are the most important factors because the adsorption process is a surface 
process. The extent of adsorption is proportional to the specific surface area of the AC. The 
specific surface area can be defined as the amount of total surface area that is available for 
adsorption. The surface can be classified as external, when it involves protuberances or cavities 
with a width greater than their depth, or internal when it involves porous and cavities with a depth 
greater than their width. It is expected that ACs more finely divided and more pores, especially if 
they have many pores with molecular dimensions, would be associated with a higher adsorption 
per unit of their weight (Çeçen and Aktaş, 2011; Grassi et al., 2012; Krahnstöver and Wintgens, 
2018). 
The adsorption process is also strongly influenced by the chemical structure. The most 
important element of AC is carbon. Although as said before, ACs are constituted by several other 
elements that are part of the chemical structure, as a result of imperfect carbonization of the raw 
material used, or become chemically bonded to the surface of AC during the activation process 
or in additional treatments (Bansal & Goyal, 2005). 
 Besides these elements, carbons can adsorb some molecular species such as amines, 
nitrobenzene, phenols, and several other cationic species. These elements and molecular 
species give rise to carbon-oxygen, carbon-hydrogen, carbon-nitrogen, carbon-sulphur, and 
carbon-halogen surface compounds, known as surface groups or surface complexes. The 
presence of surface compounds or molecular species modifies the surface characteristics and 
properties of ACs (Bansal & Goyal, 2005). 
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The carbon-oxygen surface group is the most important. Despite being present in relatively 
small amounts, this group affects AC surface properties such as acidity, wettability, polarity or 
hydrophobicity, and surface charge (Bansal & Goyal, 2005; Çeçen & Aktaş, 2011). The increasing 
of oxygen surface groups increases the polarity of the AC surface, which leads to the increasing 
of AC affinity to water. (Çeçen & Aktaş, 2011). 
The adsorption of water clusters can result in pore blockage. In other words, these water 
clusters can prevent the access of EP to hydrophobic regions on the AC surface, reducing the 
interactions energy between adsorbate and adsorbent, and the access to micropores. The action 
of these groups results in the decrease of the van der Waals forces, which are very important in 
the adsorption process. However, these oxygenated groups constituted by carbonyl groups 
improves the adsorption of aromatic compounds, such as phenol and naphthalene (Çeçen & 
Aktaş, 2011). 
As previously mentioned, the activation process influences carbon chemical surface 
characteristics. For instance, the chemical activation leads to ACs less hydrophobic and more 
negatively charged. Chemical treatment increases the quantity of acidic surface groups, while 
physical treatment results in the decreasing of the number of acidic surface groups (Çeçen & 
Aktaş, 2011). 
 Factors Influencing the Adsorption Process  
The adsorption process, as above mentioned, is strongly conditioned by the AC 
characteristics, however, the physical and chemical characteristics of the adsorbate, the 
environmental conditions, such as pH, temperature and the presence of other substances, and 
the operational conditions also influence the adsorption process (Grassi et al., 2012).  
One of the factors that strongly affect the adsorption process is the physicochemical nature 
of the adsorbate, such as its hydrophilicity, molecular size and the solubility. The hydrophilicity 
can be assessed through the Kow, that is defined as the ratio of a chemical’s concentration in 
octanol phase to its concentration in the aqueous phase of a two-phase octanol-water system, 
which indicates the lipophilicity of a chemical. Like already explain hydrophobic compounds (log 
Kow > 4) tends to be attracted to the ACs surface, therefore these compounds are easily 
adsorbed than hydrophilic compounds (Jeirani et al., 2017). E1 is a hydrophobic compound, 
which improves the adsorption of this compound onto AC (Guillossou et al., 2020). Yoon et al. 
(2003) reported a correlation between the removal of E2 and EE2 by PAC with the log Kow. The 
higher is the log Kow the higher is the removal of the compound, proving that the hydrophobicity 
of the compound influence the adsorption process. The Kow of EE2 suggested that this 
compound will be effectively adsorbed onto AC (Ifelebuegu et al., 2006). 
 The molecular size of the substance influences the rate of uptake through the porous of 
the adsorbent material, which is improved with the decrease of adsorbate molecule size if the 
rate is controlled by intraparticle transport (Grassi et al., 2012; Hadi et al., 2015; Ifelebuegu et al., 
2006; Lladó et al., 2016).  
The solubility is another important factor because there is an inverse relationship between 
the extent of the adsorption and the solubility of the compound in the solvent from which the 
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adsorption takes place. The higher solubility is the stronger the solute-solvent bonds will be, 
reducing the adsorption onto AC (Çeçen & Aktaş, 2011).  
The adsorbate concentration also influences the adsorption. The adsorption increases with 
the increasing of the initial concentration. This relation can be explained by the increase of the 
driving forces of the concentration gradient that overcome the mass transfer resistance of the 
adsorbate between the aqueous and solid phases. Furthermore, the increase of the initial 
concentration leads to the increasing of collisions between the molecules and the AC surface 
groups (Hadi et al., 2015).  
The pKa and the pH solution influence the ionic state of the adsorbate, which influence the 
adsorption process (Jeirani et al., 2017). The solution pH plays a critical role in the adsorption 
process, because affects the ionization degree of the adsorbate, and can change the surface 
charge of the AC, which results in a variation of the extent of adsorption. The surface charge that 
can be modified due to the protonation or deprotonation of the surface groups, which strongly 
influence the chemisorption. Due to the pKa of E2 and EE2 (Table 3.1) at low and neutral pHs 
these compounds are neutral charged and exist in non-ionic molecular form, being easily 
adsorbed onto AC. At high pHs, the AC is negatively charged reducing the adsorption of these 
compounds by electrostatic repulsion (Ifelebuegu, 2012). The pH value associated with the zero 
net surface charge is defined as the pH of the point of zero charged (pHpzc) and differs from 
carbon to carbon. Normally when the solution pH is lower than AC’s pHpzc, the AC surface is 
positively charged. On the contrary, when the solution pH is higher AC’s pHpzc, the AC’s surface 
is negatively charged (Grassi et al., 2012; Guillossou, Le Roux, Mailler, Morlay, et al., 2020; Hadi 
et al., 2015; Marsh and Rodríguez-Reinoso, 2006).  
Temperature is another factor that influences the adsorption process. Normally the 
adsorption is an exothermic process, due to this the decreasing of temperature usually increases 
the adsorption extent. However, the increase of temperature results in the increase of the rate of 
diffusion of the solute through the liquid to the adsorption sites, which eventually leads to an 
increase of the adsorption (Çeçen & Aktaş, 2011; Grassi et al., 2012).  
The presence of dissolved organic matter (DOM), such as humic and fluvic acids, can also 
affect the adsorption process. The presence of these substances in the wastewater matrix can 
significantly reduce the adsorption of EP, due to pore blockage and competition for the adsorption 
sites (Guillossou et al., 2020; Krahnstöver & Wintgens, 2018). In the study done by Yoon et al. 
(2003) the presence of DOM reduced the surface area available for the adsorption of E2 and 
EE2, which consequently leads to the reduction in the adsorption of these compounds. 
The AC dosage also influences the amount of EP adsorbed. Low dosages are associated 
with low levels of adsorption due to the quick occupation of the adsorption sites. To accomplish 
the EP removal efficiency is necessary to increase the amount of AC, although this increase will 
result in the incomplete occupation of the AC surface.  Generally in wastewater treatment, the 
dosage of AC used varies between 10 and 20 mg/L, due to the complex matrix of those waters  
(Hadi et al., 2015; Krahnstöver & Wintgens, 2018).   
There are many mechanisms by which the EP are adsorbed onto AC depending on the 
properties of the compounds and the AC characteristics. Normally, the adsorption of these 
compounds is influenced by different molecular features such as the hydrophobicity and the 
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nature of the functional groups. The type of adsorption that occurs due to hydrophobic interactions 
happens when the adsorbate expels water molecules from the AC surface. This type of 
interactions between adsorbate and adsorbent is van der Waals interactions, which plays an 
important role in the adsorption of EP from water. However, the presence of polar functional 
groups in the adsorbate and the AC have a bigger influence in adsorption process than the 
hydrophobic interactions, because polar interactions are stronger than van der Waals interactions 
(Jeirani et al., 2017). 
As previously mentioned, the nature of the functional groups plays an important role in the 
interactions between the adsorbate and the AC. There are three adsorption mechanism relatable 
with the nature of the functional groups that can occur simultaneously, the electron donor-
acceptor complex formation, π-π dispersion interactions and hydrogen bonding formation. In the 
first one, the carbonyl oxygen groups of the AC acts as the electron donor while the aromatic 
compounds act as the acceptor. During this process, the carbonyl groups are oxidized to carboxyl 
groups, which reduced the rate of the formation of electron donor-acceptor complex, and 
consequently the rate of uptake (Jeirani et al., 2017). 
When the carbonyl groups are exhausted the aromatic compounds form π-π dispersion 
interactions complexes with the rings of the AC basal plane. This type of interaction is strongly 
affected by the functionalization of AC. The presence of -NHR and -OH in the constitution of the 
groups adds an electron density to the aromatic ring, making the organic aromatic compound a 
π-donor. On the contrary, the presence of -Cl makes the aromatic molecule a π-acceptor. 
Normally, the AC is a π-donor surface due to the presence of -OH aromatic groups, responsible 
for the increase of the electron density of the AC graphitic planes. This means that the π-electron 
acceptor compound has more affinity for the AC than a donor compound (Jeirani et al., 2017). 
For instance, the presence of a phenolic ring in EE2 influences the attachment of molecules to 
the solid, since the phenols strongly bind to the carbon surface due the π -electrons interactions 
of the benzene ring with the partial positive charge of the carbonyl carbon atoms (Ifelebuegu, 
2012).  
The other mechanism is hydrogen bonding. In this mechanism, the O-H groups present in 
the AC surface form a hydrogen bond with the functional groups of the adsorbate. The intensity 
of the net interactions determines the extent of the adsorption (Jeirani et al., 2017). 
 Adsorption Kinetics, Adsorption Equilibrium and Isotherms  
The selection of the adsorbent used for a specific treatment is based on the results of 
adsorption studies which intend to characterize the removal performance. Usually, the adsorption 
studies are made in stirred batch reactors, that contains a volume of fluid with a known adsorbate 
concentration and a given amount of adsorbent (Bonilla-Petriciolet et al., 2019; Çeçen & Aktaş, 
2011). These studies are essential to determine the adsorption equilibrium, the isotherms and the 
kinetics. In the adsorption process, the amount of adsorbate on the solid-phase at given operating 
conditions is known as the adsorption capacity (𝑞). The adsorption capacity is very important, 
since it provides the amount of the pollutant that has been loaded on the AC surface. This variable 
can be determined through a mass balance and is express in mass of adsorbate per mass of 
adsorbent (e.g. mg/g) (Bonilla-Petriciolet et al., 2019).  
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The adsorption kinetics is defined as the rate of adsorbate mass transference from the bulk 
solution to the adsorbent surface, and also the adsorbate accumulation via the binding 
interactions with the surface groups available. These criteria are used to define the adsorbent 
efficiency (Bonilla-Petriciolet et al., 2019; Delgado et al., 2019). The adsorption kinetics can be 
determined by tracing the adsorbed amount of pollutant on the adsorbent surface over time. This 
can be experimentally accomplished using a given adsorbent dosage at fixed state variables (e.g. 
pH and temperature), in a batch experience, on which the volume of solution and the adsorbent 
amount, are maintained constant during the assay (Bonilla-Petriciolet et al., 2019).  
Through the quantification of the adsorbate concentration in solution, it is possible to 
determined q at time t with the Equation (1), where V is the solution volume (L), m is the adsorbent 
mass used (g), C0 is the adsorbate initial concentration (mg/L) and Ct is the adsorbate 
concentration after a residence time t (mg/L). The residence time is defined as the adsorbent-
adsorbate contact time required to achieve the thermodynamic stability, in other words, is the time 
required to achieve the equilibrium that is achieved during the isotherms (Bonilla-Petriciolet et al., 
2019; De Gisi et al., 2016). 
 
q =
V × (C0 − Ct)
m
 (1) 
The kinetics studies are crucial to identify if the adsorption of a substance is regulated by 
a specific transport mechanism, the residence time required for completion of adsorption reaction, 
and to clarify the dependence of the surface properties of the adsorbent (Bonilla-Petriciolet et al., 
2019; Qiu et al., 2009; Wang & Guo, 2020). There are several kinetic models with different 
mathematical complexity, Table 3.4 presents some of the most used models. 
Table 3.4 – Kinetics models (Bonilla-Petriciolet et al., 2019; Delgado et al., 2019; Montes-
Atenas & Valenzuela, 2017). 
Kinetic model Linearized Equation Description Equation number 
Pseudo-first order ln(𝑞𝑒 − 𝑞𝑡) = ln𝑞𝑒 − k1𝑡 
qe is the theoretical adsorption capacity at 
equilibrium,  k1 is the rate constant (h
-1) and 
𝑞𝑡 adsorption capacity at time t 
This model is applied when the adsorbate is 
originally dissolved in the aqueous phase 
and the adsorption and follows the first-
order equation. 
This model has the following assumptions:  
1) The adsorption is localised and there 
is not any interaction between 
adsorbed molecules; 
2) The adsorption energy is independent 
of surface coverage; 
3) The maximum q is equivalent to the 
monolayer formation; 
4) The adsorbate concentration is the 















k2 is the rate constant (mg.g
-1.h-1). In this 
model is assumed that the chemisorption it the 
rate determining step. These model 
assumptions are similar to the previous model, 






Kinetic model Linearized Equation Description Equation number 
Intraparticle 
discussion or 
Weber and Morris 
model 
𝑞𝑡 = 𝑘𝑖𝑑√𝑡 + 𝐼 𝑘𝑖𝑑 is the intraparticle diffusion rate constant 
(mg.g-1.h-½) and I provides information about 
the thickness of the boundary layer if the plot 
of 𝑞𝑡 vs √𝑡  passes through the origin. If not, the 
overall adsorption mechanism is also 




The analysis of adsorption equilibrium is very important to identify if the removal of a 
pollutant is possible in the tested operating conditions. When the AC has been in contact with the 
liquid for a sufficient time, adsorption equilibrium is achieved. After that, the residual adsorbate 
concentration in solution reaches a constant value. In other words, the adsorption equilibrium is 
established when the adsorption rate equals the desorption rate (Bonilla-Petriciolet et al., 2019; 
Çeçen & Aktaş, 2011).  
This experimental adsorption data is usually represented in the form of adsorption 
isotherms. The adsorption isotherms represent the adsorbed adsorbate distribution between the 
adsorbent and the solution phase at equilibrium at a specific temperature. These isotherms can 
give important information about the adsorbate, the adsorbent and the adsorption process. These 
isotherms also help in the determination of the specific surface area, the volume pores and their 
distribution sizes, the heat of adsorption, and the relative absorbability an adsorbent (Bansal & 
Goyal, 2005; Çeçen & Aktaş, 2011). 
Isotherm is a curve which describes the relationship between the q and the equilibrium 
concentration in the liquid phase. Any point of these curve gives the q at a given concentration. 
The q value increases with the increasing concentration but not in a direct proportion way. (Çeçen 
& Aktaş, 2011). This can be experimentally reproduced by keeping two of the three parameters 
(solution volume, adsorbent mass and adsorbate concentration) constant and one varying 
(Bonilla-Petriciolet et al., 2019). The most common adsorption isotherm models are the Langmuir, 
the Freundlich, the Brunauer-Emmett-Teller (BET), which are presented in Table 3.5 (Çeçen & 
Aktaş, 2011). 
Table 3.5 – Adsorption isotherms models (Al-Ghouti & Da’ana, 2020; Foo & 
Hameed, 2010) 









𝑄0 is the maximum monolayer coverage 
capacities (mg/g), b is the Langmuir 
isotherm constant (L/mg), and Ce is the 
adsorbate equilibrium concentration 
(mg/L). 
This model assumes monolayer 
adsorption, with a fixed number of the 
definite localized site where the 
adsorption can occur, that are identical 
and equivalent, with no lateral 
interaction and steric hindrance 
between the adsorbed molecules, even 





Isotherm model Equation  Description  Equation 
number 
Freundlich  𝑞𝑒 = 𝐾𝐹𝐶𝑒
1
𝑛⁄  𝐾𝐹 is the Freundlich isotherm 
constant((mg/g) (dm3/g)n), and n is the 
adsorption intensity.  
Describes a non-ideal and reversible 
adsorption, not restricted to the 
formation of a monolayer, that way can 
be applied to multilayer adsorption, with 
non-uniform distribution of adsorption 







(𝐶𝑠 − 𝐶𝑒)[1 + (𝐶𝐵𝐸𝑇 − 1)(𝐶𝑒/𝐶𝑠)
 
𝑞𝑠 is the theoretical isotherm saturation 
capacity (mg/g), 𝐶𝐵𝐸𝑇 is the BET 
constant adsorption isotherm relating to 
the energy surface interaction (L/mg), 
and 𝐶𝑠 is the adsorbate monolayer 
saturation concentration (mg/L). 
This model assumes the same 
assumption of the Langmuir model and 
the following ones: same adsorption 
energy is found in the second, third and 
higher layers, this energy is equal to the 
fusion heat that is not directly affected 




The isotherms shape provides information about the affinity and the mode of interaction 
between the adsorbate and the adsorbent. The classification of liquid-solid adsorption isotherms 
proposed by Giles et al. (1960) describes a system and allows the diagnose the adsorption 
mechanism, giving information regarding the physical nature of the adsorbate and the adsorbent 
surface. In this classification, the isotherms are identified according to the initial slope into four 
classes (S, L, H and C curves), and into subclasses based on the shapes of the upper parts and 





Figure 3.2 – Adsorption isotherm classification (Piccin et al., 2017) 
As previously mentioned, there are three classes of liquid-solid adsorption isotherms: 
− The S curves or vertical orientation isotherm has an inclined slope of the curve followed 
by a vertical orientation. In the beginning, when occurs the increase of the adsorbate 
concentration, there is a change of the adsorbate to find an available site to occupy, due 
to competition between solute molecules. Therefore, the adsorption capacity is limited, 
reaching a plateau. However, in this class of isotherms, this behaviour is opposed leading 
to the increasing of the curve slope, due to the vertical orientation tendency of the 
adsorbate molecules in a higher concentration, which promotes the occurrence of more 
sites available for adsorption. This type of curve occurs when three conditions are fulfilled: 
i) the adsorbate molecule is a monofunctional, ii) there is a moderate intermolecular 
attraction, leading to pack vertically in a regular array in the adsorbed layer, and iii) there 
is strong competition for substrate sites; 
− The L curves or normal or “Langmuir” isotherms. This class is the most found in liquid-
solid adsorption. The initial shape of the curve of this class of isotherms follows the 
premise that the higher the adsorbate concentration, the greater the adsorption capacity, 
however, this is limited to the number of available adsorption sites, occurring competition 
for them. This class of curve is indicative that the adsorbate molecules are adsorbed flat 
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on the surface or, sometimes, of vertically oriented adsorbed ions with strong 
intermolecular attraction. An isotherm of this class has one of the following 
characteristics: i) the adsorbed molecules are more likely to be adsorbed flat or ii) are 
systems with high polar solute and substrate. This class of isotherm indicates that the 
adsorption occurs due to relatively weak forces, such as van der Waals forces; 
− H curves or high affinity isotherms. This curve differs from the previous class at the 
beginning of the curve. This class has an initial portion with a vertical orientation, and qe 
value higher than zero, even when the adsorbate concentration is very close to zero. The 
adsorbed species associated with this class of isotherms are often large units, e.g. ionic 
micelles or polymeric molecules. However, these curves sometimes can be associated 
with the adsorption of simple ions, which exchange with others of much lower affinity with 
the adsorbent surface. This class of isotherms is associate with chemisorption and 
adsorption by electrostatic forces. This class is also known as irreversible isotherm 
because when the adsorption occurs at a high concentration, the reduction of the 
concentration does not affect the adsorption capacity; 
− C curves or constant partition isotherm. This class is characterized by a linear behaviour 
of the equilibrium data at low concentrations of the adsorbent, following Henry's law for 
ideal gas equilibrium phases. This suggests that the adsorption capacity is proportional 
to the adsorbate concentration, until the maximum possible adsorption, when occurs an 
abrupt change to a horizontal plateau. This class of isotherms is obtained when the affinity 
of the solute by the solid is greater than the affinity for the solvent, or when the amount 
of available adsorption sites is sufficient for the adsorption of all adsorbate, but the 
bonding forces between the adsorbate and the solvent are weak and depend on the liquid 
phase concentration (Piccin et al., 2017). 
As mentioned above, according to this classification, the isotherms are classified into 
subclasses: 
− The subclass 1 of S class indicates a complete vertical behaviour of the adsorption 
capacity, likely caused by surface precipitation of the adsorbate on the adsorbent surface. 
This subclass occurs when the adsorption sites were not fully occupied or did not occur 
a completely vertical orientation of the adsorbate molecules. The isotherms of this 
subclass are normally described the Freundlich model, in the case of the L and H class, 
or Henry's law, in the case of the C class; 
− The subclass 2 indicates that does not occur intermolecular interaction between the 
solute, forming a long plateau that indices the saturation of the adsorbent monolayer. In 
this case, the high energy barrier has to be overcome before the additional adsorption 
can occur on new sites after the surface has been saturated to the first degree. Thus, the 
solute has a high affinity for the solvent, but low affinity for the layer of adsorbed solute 
molecules. The equilibrium data of this subclass can be represented by the Langmuir 
model and the plateau is represented by the maximum adsorption capacity, in the case 
of L and H class;  
− Subclass 3. The short plateau of this subclass means that the adsorbed molecules 
expose a surface, which has nearly the same affinity for more solute than the original 
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surface possessed. This indicates that the adsorbate in the solution has some 
intermolecular interaction with the solute in the adsorbent surface, which leads to the 
formation of multilayers; 
− The subclass 4 is associated with the development of a fresh surface in which the 
adsorption can occur. This new layer can occur when i) a proportion of the original surface 
may be uncovered by reorientation of the molecules already adsorbed, due to the 
intermolecular interactions, ii) formation of new surfaces in crystalline solids, originating 
new adsorption site, or iii) exposed parts that allow the formation of two layers, e.g. due 
to the formation of micelles. The second plateau in this subclass of isotherms represents 
the saturation of the new layer; 
− The subclasss mx occurs occasionally when occurs a fall in slope after the first inflexion. 
This occurs probably due to the association of the solutes in the solution, with the 
increasing of the concentration, the solute-solute attraction begins to increase faster than 
the adsorbent-solute attraction (Piccin et al., 2017). 
3.4 Activated Carbon Reutilization  
During the adsorption treatment, the pollutants are continually accumulated on the AC, 
which leads to the progressive reducing of its adsorption capacity and consequently the efficiency 
of the adsorption process. The period between the first use of a virgin AC until its exhaustion 
depends on the volume of substances adsorbed, but normally the exhaustion can be achieved 
within days or weeks. This implies a high annual request for AC if the spent one is not reused. 
The spent carbon has three disposal method: landfill, incineration, and reactivation. The most 
disposal method use varies with the type of AC. For instance, around 68 % of the spent GAC is 
regenerated, while 95 % of the spent PAC is forwarded to a landfill, because becomes more 
economical than regenerate this type of AC. Only 40 % of the spent AC is reused (Ma et al., 2017; 
Oladejo et al., 2020; Sophia A. & Lima, 2018). 
 The regeneration process increases the cost of this treatment due to energy consumptions 
and off-site transport. On the other hand, the regenerated AC is not as efficient as a virgin AC 
which leads to restricted use in wastewater treatment (De Gisi et al., 2016; Grassi et al., 2013; 
Sophia A. & Lima, 2018). The lack of PAC regeneration results in the recourse and waste 
management challenge, especially because this type of AC represented, in 2016, more than 55 
% of the AC demand and has as the largest consumer the water treatment industry (Ma et al., 
2017; Oladejo et al., 2020).  
As a result, many studies are being made to propose alternative carbon source, producing 
ACs at lower costs, alternative regeneration process, and low-cost adsorbents such agriculture 
and industrial waste, such as water treatment sludge (WTS) (Babatunde & Zhao, 2007; De Gisi 
et al., 2016; Grassi et al., 2013; Kayranli, 2011; Sophia A. & Lima, 2018). WTS is a low-cost 
alternative to the commercial AC, with high potential as an adsorbent for the removal of various 
pollutants and metals in wastewater, such as heavy metals, fluoride and dyes (Babatunde & Zhao, 
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2007; Kayranli, 2011). The utilization of adsorbents such as WTS will contribute to the 
decarbonization of the water treatment industry. 
 Water Treatment Sludge 
The WTS represents all wastes produced during the water treatment in the water treatment 
plant (WTP). According to the literature a typical WTP produces 100 000 ton/years of WTS. On a 
global scale, the daily production is estimated to be larger than 10 000 ton. These residues are 
normally placed in a landfill, which represents an environmental concern. The WTS constitution 
does not vary greatly from each other. However, their composition and quantity extremely depend 
on the characteristics of the raw water, the coagulant type and dosage applied during the water 
treatment, and from specific plant operating conditions. In the case of the treatment of 
groundwater with stable quality, the WTS produced quality and quantity does not fluctuate very 
much. On the contrary, the WTS produced during the treatment of surface water have visible 
variations in terms of quality and quantity. These variations can be explained due to the significant 
alteration of the raw water quality and/or by the variation of the dosage of the chemicals used in 
the WTP (Ahmad et al., 2016; Babatunde & Zhao, 2007). 
WTS is typically composed of mineral, humic matters and microorganisms removed from 
the raw water and residues from the chemicals used during the treatments. The polydisperse 
suspension with a broad range of rough disperse or even colloidal particles, which are present in 
the raw water and that are agglomerated and settled down due to the action o coagulants, which 
contributes for the sludge production. The coagulants normally used in water treatment are 
aluminium salts, ferric ion salts and ferrous iron salts, which represent a considerable part of the 
WTS produced. WTS has many oxides in its constitution. In general, SiO2 constitutes the major 
portion of the sludge followed by Al2O3 and Fe2O3, that are associated with the coagulant used. 
Other oxides might be present in a smaller percentage, such as CaO, MgO, Na2O, K2O, P2O5 and 
TiO2 (Ahmad et al., 2016). 
 The excessive use of coagulants leads to the increasing of the WTSs production, as 
consequent the landfill space has become limited, which make extremely important to look for 
new alternatives (Lee et al., 2020). The disposal of WTS becomes a greater issue, especially 
nowadays with the increase of environmental concerns. Therefore, it is necessary to look for an 
alternative management strategy for this waste (Kulandaivelu et al., 2020). 
 The WTSs have been recycled as aggregates, soil improvement agents, environmental 
remediation materials, and as a coagulant in wastewater treatment. The use of WTS as an 
adsorbent in wastewater treatment has already been review in the literature since its adsorption 
capacity is related to the high concentration of amorphous aluminium and ferric ions (Ahmad et 
al., 2016; Babatunde & Zhao, 2007; Lee et al., 2020). WTS due to its properties can be used for 
the removal of heavy metals (Gibbons & Gagnon, 2010; Zhou & Haynes, 2012), dyes (Kayranli, 
2011) and phosphorus (Mohammed & Rashid, 2012). Kulandaivelu et al. (2020) studied the 
removal of several micropollutants (e. g. pharmaceuticals) by adsorption onto aluminium-based 
and iron-based WTS, concluding that the use of iron-based sludge can lead to the removal of a 
significant number of micropollutants. 
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The adsorption process with AC in WTP was firstly used for the removal of substances that 
alter the colour and odour. However, with the degradation of the water quality, its use has become 
necessary for the removal of other compounds present in waters, such as heavy metals and 
emerging pollutants (Bonilla-Petriciolet et al., 2019). As previous mentioned, WTP are the biggest 
consumer of PAC, that is normally dosed temporarily or intermittently into the water, when occurs 
a deterioration of the raw water quality or for mitigation of short-term operational problems. The 
application of PAC can be made either into rapid mixing (coagulation), flocculation or in the 
filtration process (Çeçen & Aktaş, 2011). 
 After the contact between the PAC and the water, the AC is removed by a separation 
process becoming part of the WTS. The low hydraulic residence time associated with 
conventional treatments unit such as coagulation tanks does not enable the AC to reach the 
equilibrium conditions. Therefore, these systems are associated with limited elimination of the 
micropollutants. As a result, the WTP have to apply large doses of PAC, which leads to an 
additional sludge production (Çeçen & Aktaş, 2011). 
 The first report about the potential use of WTS containing AC was done by Lee et al., 
(2020). They analysed the possibility of regenerating the AC and coagulants present in WTS via 
pyrolysis to produce a multifunctional remediation material for the removal of pollutants present 
in wastewater. In this study, the influence of the temperature of the pyrolyzed process in the 
adsorption capacity of WTS containing AC for the removal of anions and cations was assessed. 
For that, they compared the adsorption capacity of the raw WTS with the pyrolyzed WTS at 
different temperatures (200-700 oC). The adsorption of PO4
3-
 as an anion, and of the methylene 
blue (MB+) as a cation, singly, and in simultaneal was studied, and it was verified that the 
adsorption in simultaneal was higher that adsorption without competition.  
Relatively to the isolated adsorption experience, using to the raw WTS, the PAC had no 
interaction in the adsorption process. The PO4
3-
 was adsorbed due to the presence of Al+3, the 
MB+ was adsorbed due to the presence of Al+3 and clay. When the pyrolyzed WTS was used the 
AC, that was negatively charged, influenced the adsorption of both compounds. The PO4
3-
 had 
become also adsorbed to the Al+3 present in the AC pores, and the MB+ was adsorbed onto the 
AC (Lee et al., 2020) 
When the adsorption of both compounds was studied simultaneal, in the raw WTS it was 
verified a competition between them for the Al+3.However, in the case of the pyrolyzed WTS, this 
competition was not verified. The PO4
3-
 besides, being adsorbed by Al+3 within and without the AC 
pores was also adsorbed to the MB+ adsorbed onto the AC. The MB+ besides, being adsorbed 
onto the AC, clays and Al+3, became also adsorbed to the PO4
3-
 adsorbed in the Al+3, which 
reduced the competition between the compounds. Therefore the pyrolyzed WTS can remove 
anions and cations simultaneously, which prove that this material can be used as a multifunctional 
remediation material in wastewater treatment (Lee et al., 2020). 
41 
 
4 Objectives  
Nowadays, the importance of finding new uses for WTS is increasing due to environmental 
concerns, as well as the reuse AC and searching for alternative adsorbents materials. The use of 
WTS as an alternative adsorbent has been studied, however, most of the studies assed the WTS 
adsorption capacity based on its content in aluminium and ferric ions. Only one known assessed 
the potential use of WTS containing AC, in which it is concluded that these sludges are a 
multifunctional remediation material in wastewater treatment. Currently, studies regarding the use 
of WTS containing AC (with or without activation process) for the removal of estrogens are not 
known and could be useful concerning the SDG goals, the circular economy proposals and the 
decarbonization of the water treatment industry.  
Therefore, the main goal of this work is to assess the remaining adsorption capacity of 
WTS containing AC, without reactivation for the removal of three EP (E1, E2 and EE2) using two 
different WTS. To achieve this goal a characterization of the WTS was made, which includes the 
ash content, the elemental composition, the pHpzc determination, the thermogravimetric analysis, 
the mineral composition and the textural characterization. A preliminary test for the removal of 
these hormones was performed to understand the WTS’s capacity for the removal of the studied 
hormones. 
The main goal of this project was to apply WTS as an adsorbent for the removal of E1, E2 
and EE2, as selected EP compounds. For such, it was intended to analyse the dose and contact 
time required to remove these compounds. Therefore, the optimal dose was assessed thought 




5 Material and Methods  
5.1 Material  
 Water Treatment Sludge  
In this study, two WTS from two WTP in Portugal, Santa Águeda WTP and Caldeirão WTP 
were used. Figure 5.1 and Figure 5.2 presents the sequence of treatments used in these WTP’s, 
both for water and for the sludge produced, in which the reagent that contributes to the WTS 
composition and the respective places where they are dosed are presented. St. Águeda WTP in 
Castelo Branco region has a treatment capacity of 2 200 m3/h, serving 63 000 inhabitants. 
Through Figure 5.1 is possible to understand that the produced WTSs are composed by the solid 
matter present in the raw water, milk lime used in the remineralisation, aluminium 
polyhydroxychlorosulfate used as a coagulant and PAC. The materials present in the water and 
the reagents used are removed in the sedimentation and/or filtration processes. After the 
aforementioned processes, the sludge is thickening in a gravity thickener and after that the sludge 
goes to the dewatering process through a filter press, to improve the efficiency of this process is 
added more polyelectrolyte and insoluble limestones resides produced during the preparation of 
the milk of lime and the lime water, that will be also part of WTS’s composition.  
 




Caldeirão WTP is in Guarda region and has a treatment capacity of 1 000 m3/h, serving 39 
125 inhabitants. Based on Figure 5.2 the WTSs produced in this WTP are composed of solid 
matter present in the raw water, lime used in the remineralisation, aluminium 
polyhydroxychlorosulfate used as a coagulant and PAC. The materials present in the water and 
the reagents used are removed in the sedimentation and/or filtration processes. The sludge 
produced during the water treatment is thickening in a gravity thickener where it used 
polyelectrolyte to improve this process. After this process the WTS goes to the filter press where 
it is made the dewatering process, in this process, it is also used polyelectrolyte in other to 
accomplish a higher efficacy. The polyelectrolyte used during the thickening and the dewatering 
processes will be also part of the sludge constitution. 
 
Figure 5.2 – WTP of Caldeirão treatment processes. 
The samples of both WTSs were dry at the sun before proceeding to the characterization 
and the adsorption studies.  
 Emerging Pollutants 
E1, from Sigma Aldrich, product code 46573 with 98 % of purity. For further information 
consult the product datasheet in Annex I. 
E2, from Acros Organics, product code 436320050 with 98 % of purity. For further 
information consult the product datasheet in  Annex II. 
EE2, from Dr. Ehrenstorfer, product code DRE-C13245100 with 97.02 % of purity. For 
further information consult the product datasheet in Annex III. 
 Laboratory Material and Equipment  
The material used during the laboratory test was the following one: 
Compact shaker IKA LABORTECHNIK HS 501 digital. 





− Filter paper Whatman 40 ashless, diameter 11.0 cm, retention 8 µm;  
− MFV3 Glass microfibre filters, Filter Lab, diameter 47 mm retention of 1.2 µm. 
Gas Porosimeter – Micromeritics, ASAP2010 
Inductively Coupled Plasma - Atomic Emission Spectrometry (ICP-AES) ICP-AES 
Horiba Jobin-Yvon Ultima 
Jar test equipment: 
− G. Vittadini; 
−  VELP Scientific FC6S. 
Magnetic stirrer VELPSCIENTIFICA Multi Magnetic St. 
Muffle Lenton Furnaces AWF 12/5. 
Orbital Shaker Lab-Line Instruments 4626 Variable Speed Orbital Shaker. 
pH meter WTW inoLab ph/ION 735. 
Scales: 
− XS balance BL 303, Max. 300g, d=0,001g;  
− Mettler Toledo A AG204, Max. 210g, d=0,001g. 
Thermogravimetric Analizer Setaram Labsys EVO. 
Vacuum pumps: 
− ERT vacuum pump;  
− KNF Neuberger GmbH vacuum pump, type N035 AN.18. 
 Reagents 
The reagents used during the laboratory test was the following one: 
− Sodium chloride (NaCl), from Honeywell™ Fluka™, CAS number 7647-14-5, 99.5 
% of purity, molecular weight (g/mol) 58.66; 
− Hydrochloric acid (HCl) 0.1 M; 
− Hydrochloric acid (HCl) 1 M; 
− Sodium hydroxide (NaOH) 0.1 M; 
− Sodium hydroxide (NaOH) 1 M;  
− Methanol (CH3OH), from Honeywell – Riedel-de Häin; CAS number 67-68-5, mo-





 Ash Content  
The determination of the ashes content was carried out according to the Standard Test 
Method for Chemical Analysis of Wood Charcoal (ASTM D 1762-84). For this procedure, 
approximately 1 g of WTS was put in a crucible that was previously weighed to eliminate errors 
duplicates were used. Then the crucible was placed in muffle Lenton Furnaces AWF 12/5 for 2 h 
in which the temperature will increase at a range of 5 oC/min until reach the 750 oC, after reaching 
this temperature the crucible remains in the muffle for more 6 h. After the this the crucible 
containing the WTS’s ash was placed in the desiccator to cool and then it was weighed. The ash 
content was determined using the Equation (8), where mcrucible is the weight of the crucible (g), 
mWTS+crucible is the weight of the crucible containing WTS before being in the muffle, and 
mAsh+crucible is the weight of the crucible containing the WTS’s ash. 
 
𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = (
𝑚𝐴𝑠ℎ+𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 − 𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒
𝑚𝑊𝑇𝑆+𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 − 𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒
) × 100 (8) 
 
 Elemental Analysis  
The elemental composition of the WTS aims to determine the content of hydrogen, 
carbon, nitrogen and sulphur. This analysis was performed with a CHNS Analyzer – Thermo 
Finnigan CE Instruments Flash EA 1112 CHN elemental analyser in the LAQV@REQIMTE’s 
chemical analysis. Based on the results of this analysis and the ash content is possible to 
determine the oxygen content, using the Equation (9). 
 𝑂 (%) = 100% − (𝐶 + 𝐻 + 𝑁 + 𝑆 + 𝐴𝑠ℎ) (9) 
 Determination of the pHpzc 
The determination of the pHpzc was carried out through the preparation of portions of 20 
mL of NaCl (0.1 M) solution in six different flasks. The pH of each flask was adjusted with the 
addition of 0.1 M HCl or NaOH and 1M HCl or NaOH in other to achieve a range of pH between 
2 and 12. After the pH adjust, 0.1 g of the WTS was added in each vial, then the flasks were 
placed in agitation under an inert atmosphere for 24 h in other to reach the equilibrium. After 
agitation, the pH of the solution of each flask was filtered with filter paper (8 µm) and then it was 
measured the final pH of each solution using a pH meter WTW inoLab ph/ION 735  (Figure 5.3). 
The pHpzc is defined as the point of the curve ΔpH (ΔpH = final pH - initial pH) versus initial pH, 





Figure 5.3 – Measured the pH 
 Thermogravimetric Analysis 
The thermogravimetric analysis (TGA) allows inferring the viability of the WTS 
regeneration. The TGA was performed using a Thermogravimetric Analizer – Setaram Labsys 
EVO at the LAQV@REQIMTE’s chemical analysis laboratory, under the following operational 
conditions: an atmosphere of argon, the temperature range between the room temperature and 
900 oC and with a heating rate of 5 oC/min. 
 Mineral Analysis 
The mineral analysis aims to determine the WTS’s mineral composition. This analysis was 
performed at the LAQV@REQIMTE’s chemical analysis laboratory, mineral’s determination by 
ICP-AES using an ICP-AES Horiba Jobin-Yvon Ultima, after acidic digestion of the WTS samples. 
In this analysis, replicas of each WTS were made 
 Textural Characterization 
The WTSs were submitted to a single point textural characterization, to determine the 
surface area and the total volume pores. This characterization was performed at analysis 
laboratory of the Chemistry Department of FCT-NOVA, through the adsorption of N2 at 77K using 
a Gas Porosimeter – Micromeritics, ASAP2010 at the relative pressure of p/p0 = 0.3. 
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 Stock Solution and Determination of the Estrogens  
To simulate a closer situation to the environment condition, a stock solution with the three 
hormones was prepared. This stock solution was prepared with 1 L of distilled water in which the 
hormones previously dissolved in 10 mL of methanol were added, to obtain a concentration of 
500 µg/L for each hormone. The stock solution was stored in a freezer at 4 ºC. To achieve the 
working concentrations, daily working solutions were prepared by dilution of the stock solution 
with distilled water. The determination of the study EP was made by SPE and high-performance 
liquid chromatography tandem mass spectrometry (HPLC-MS-MS) at the EPAL’s laboratory. 
Under these analytical conditions, the limit of quantification (LOQ) of E1 was 60 ng/L, and the 
LOQ of E2 and EE2 was 50 ng/L. 
 Preliminary study 
The preliminary study aims to determine if the WTSs might have the capacity to remove 
the estrogens. To this end, the adsorption capacity of each sludge was studied separately. Before 
the application of the WTS’s, the sludges were grounded and sieved to obtain the particle size of 
45/60 mesh.  The preliminary study performed in 1 L beaker with 5 g/L of WTS, this concentration 
was based on concentrations used in other studies that range between 0.01 and 3.2 
g/L(Guillossou et al., 2020; Ifelebuegu et al., 2006; Ifelebuegu, 2012; Yoon et al., 2003). However, 
since the adsorbent used in this study is a WTS containing spent AC with a carbon content lower 
than 50 % the AC typical carbon (Bansal & Goyal, 2005). The choice of concentration was made 
through a balance between the concentrations used in studies of hormones’ removal with AC and 
the concentrations used by Lee et al., (2020), that was 20, 5 and 4 g/L. 
 Each WTS was added to three separate solutions, with different estrogens’s 
concentrations (200, 350 and 500 ng/L), in a total of three beakers per WTS. The solutions with 
WTS were submitted to agitation (200 rpm) in a jar test equipment (Figure 5.4) for 24 h. In this 
study, three blanks were prepared, one for each estrogens’s concentration, to verify the initial 
concentration of these compounds. 
 
Figure 5.4 – Jar test equipment 
After mixing, the samples were filtered with glass microfibre filters (1.2 µm) under vacuum 
to remove the WTS (Figure 5.5) and prepared for the determination of the concentration of the 




Figure 5.5 – Filtration system 
In other to assed if the WTS granulometry decreased due to the intense agitation used in 
the preliminary study, the sludge of each WTP that had remained in the beakers (Figure 5.6) was 
collected and placed to dry in the sun. The dry sample of each WTS was weighed and then 
sieved. The sieving results in three samples of different particle size (>45 mesh, 45/60 mesh and 
<60 mesh) that were weighed. 
 




 Dosage study  
The dosage study aims to determine the concentration of Caldeirão WTS that achieves the 
greater EDC’s removal. This study focuses only on Caldeirão WTS since this sludge showed to 
had higher adsorption capacity than St. Águeda WTS. Since the preliminary results showed high 
removal capacity with 5 g/L, it was decided to reduce the dosage used. Therefore, five dosages 
(2.5, 1, 0.5 and 0.05 g/L) were selected, these dosages were selected based on the concentration 
used in the preliminary study and the literature previously mentioned.  
The sample of Caldeirão WTS was grounded and sieved to obtain the particle size of 45/60 
mesh. In this study, five concentrations of WTS were tested in triplicates and added to 250 mL 
flasks with an initial concentration of 500 ng/L of each hormone. In this study, a blank was also 
prepared to verify the initial concentration of the compounds. The solutions with WTS and the 
blank were submitted to agitation (270 rpm) in an orbital shaker for 24h at 20 oC (Figure 5.7). 
After mixing, each sample was filtered with glass microfibre filters (1.2 µm) under vacuum, to 
remove the WTS, and prepared for the estrogens determination.  
 
Figure 5.7 – Orbital shaker 
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6 Results and Discussion  
6.1 Ash Content and Elemental Analysis  
Table 6.1 lists the ash content and the elemental composition in weight percent (wt.%) of 
the two WTSs. Both sludges presented an ash content quite high, 30.81 % for Caldeirão WTS 
and 42.87 wt.% St. Águeda WTS, but smaller than observed by Lee et al., (2020), around 51.0 
%. Both WTSs had an ash content much higher than the typical ash content of an AC, that is 
between 10 to 15 wt.%(Marsh & Rodríguez-Reinoso, 2006). The variations between the ash 
content of these WTS can be explained by the different reagent and amount of them used in the 
WTP. The ash content is associated with the mineral’s content (Bansal & Goyal, 2005). Therefore, 
the mineral content of St. Águeda WTS is expected to be higher than the Caldeirão’s mineral 
content. The presence of minerals is important because they may promote the formation of strong 
interaction with organic pollutants promoting their removal from the wastewater (Bernardo et al., 
2020; Lee et al., 2020). 
The carbon (C) content of a typical AC is 88 wt.% (Bansal & Goyal, 2005), a much higher 
value compared with the carbon content of the two WTSs used in this study, proximally 34 wt.% 
for the Caldeirão WTS and 24 wt.% for the St. Águeda WTS. However, the C content of these 
WTSs was slightly higher than the one observed in the research of Lee et al., (2020), that was 19 
wt.%. Comparing the hydrogen (H) content of the WTSs with the content of this element in a 
typical AC, that is 0.5 wt.% (Bansal & Goyal, 2005) is possible to observe that the WTSs used in 
this study have a higher content of H, but smaller than the 3.7 wt.% obtained by Lee et al., (2020).  
The nitrogen (N) and the sulphur (S) content of a typical AC are, respectively, 0.5 and 1 
wt.% (Bansal & Goyal, 2005), the content of these elements in both WTSs were smaller compared 
with these values. The WTS’s S content obtained by Lee et al., (2020), was also smaller than the 
normal content of an AC and the two WTSs used in this study. However, the N content obtained 
by Lee et al., (2020) was higher than the typical value associated with an AC and the value 
obtained in this study. According to Bansal and Goyal (2005), the oxygen (O) content value is 
typically between 6 to 7 wt.%, however, depending on the raw material of the AC, and its activation 
process this value can range between 1 to 20 wt.%. The WTS used by Lee et al., (2020) had an 
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O content proximally of 18 wt.%, being within the aforementioned range, however, the WTSs 
used in this study have a high O content.  
Table 6.1 – Ash content and elemental composition of the WTSs ( ?̅? ± 𝜎, n=2) 
Based on these results, it is possible to conclude that the two WTSs have a very similar 
elemental composition. The main difference in the elemental composition of the sludges is the C 
content. However, the difference between the C content does not allow to conclude which of the 
WTS has a higher AC content, since the C content can be correlated with the AC as well as the 
organic matter present in the WTS. 
6.2 Determination of the pHpzc 
Table 6.2 presents the pHpzc of the two WTSs. Based on these results it is possible to 
realize that St. Águeda had a very high pHpzc, which means that this sludge is strongly alkaline, 
unlike Caldeirão WTS has a more neutral pHpzc, similar to the typical value of an aluminium-based 
sludge (Muisa et al., 2020). The pHpzc is directly related to the ash content of the WTS, St. Águeda 
WTS is more alkaline than Caldeirão WTS because it presented a higher mineral content.  
Table 6.2 – pHpzc 
WTS pHpzc 
Caldeirão 7.46 
St. Águeda 11.29 
According to these results, Caldeirão WTS and St. Águeda WTS are positively charged, 
respectively, at pH under 7.46 and 11.29. The studied compounds are neutrally charged at pH 
lower than the pKa of each compound (Ifelebuegu, 2012; Neale et al., 2009), which means that 
in the case of Caldeirão WTS only exist electrostatic repulsion at pH higher than the pKa of each 
compound, and in the case of St. Águeda WTS the electrostatic repulsion only occurs when the 
pH is higher than the pHpzc of this sludge. 
WTS Ash 
(wt.%1) 
C (wt.% 1) N (wt.% 1) H (wt.% 1) S (wt.% 1) O (wt.% 1) 
Caldeirão 30.81 ± 
0.83 
34.09 0.46 2.92 0.18 31.54 
St. Águeda 42.87 ± 
0.20 
24.31 0.24 2.64 0.16 29.78 
1 as-received the bases 
53 
 
6.3 Thermogravimetric Analysis 
Figure 6.1 presents the results of the TGA of the WTSs, which shows the degradation rates 
of the WTSs as a function of the temperature. The results of each WTS are found in the Annex 
IV and Annex VI. During this analysis, Caldeirão WTS total mass loss was 27.3 % and St. Águeda 
WTS total mass loss was 33.5 %. These results may suggest that during the WTS 
regeneration/reactivation process, a significant mass would be lost. In other hand, comparing the 
sludges results is also possible to conclude that the regeneration of St. Águeda WTS would be 
expected to be more efficient than the regeneration of Caldeirão WTS since greater mass losses 
are associated with higher regeneration efficiencies (Salvador et al., 2015). 
 
Figure 6.1 – Losing mass of the WTS during the Thermogravimetric Analysis 
The greatest loss of Caldeirão mass occurs essentially around 100 ºC, so it is possible to 
conclude that this mass loss corresponds to the moisture present in the sample. On the other 
hand, the greatest loss St. Águeda WTS occurs around 700 ºC, according to Bernardo et al., 
(2020) this loss is related to the decomposition of some mineral compounds (e.g. CaCO3). Based 
on the mass loss until the 105 ºC it was possible to determine the moisture of the samples of each 




























6.4 Mineral Analysis 
Table 6.3 shows the average of the mineral composition results of the replicas of the two 
WTSs. Through them is possible to see some differences between the mineral composition of the 
two WTSs. The results showed that the mineral elements present in higher weight percentage in 
Caldeirão WTS were aluminium, Al (5.45 wt.%), followed by phosphorous, P (3.49 wt.%), iron, 
Fe, (0.94 wt.%) and calcium, Ca, (0.64 wt.%). As for St. Águeda WTS the elements with the 
highest weight percentage were Ca (11.54 wt.%), followed by Al (5.30 wt.%), P (3.49 wt.%) and 
Fe (0.69 wt.%). 
Table 6.3 – Mineral analysis results (?̅? ± 𝜎, n=2) 
Element Chemical symbol 




Aluminium Al 53 000.0 ± 800.0 54 450.0 ± 5350.0 
Arsenic As 37.4 ± 0.9 65.6 ± 7.9 
Calcium Ca 115 350.0 ± 1650.0 6 429.5 ± 733.4 
Cadmium Cd ND ND 
Chromium Cr ND ND 
Copper Cu 4.1 ± 0.4 10.5 ± 1.1 
Iron Fe 6 890.5 ± 502.9 9 442.5 ± 1328.5 
Mercury Hg ND ND 
Potassium K 275.8 ± 10.7 119.9 ± 13.0 
Magnesium Mg 5 423.9 ± 111.9 2 280.3 ± 458.7 
Manganese Mn 468.6 ± 19.0 150.4 ± 14.1 
Molybdenum Mo 5.3 ± 0.1 5.2 ± 0.6 
Sodium Na 16.1 ± 0.3 5.4 ± 0.5 
Nickel Ni ND ND 
Phosphorus P 3 3816.6 ± 558.5 3 4947.3 ± 4242.3 
Lead Pb 13.1 ± 0.2 14.1 ± 2.6 
Antimony Sb 37.0 ± 0.6 37.4 ± 3.8 
Selenium Se 38.4 ±0.2 41.3 ± 3.8 
Zinc Zn 21.8 ± 1.4 15.5 ± 1.4 
Total Mineral  
- 
215 398.7 ± 
1 811.5 
108 014.9 ± 
12 161.8 
ND - non detect 
1 as-received the base 
Comparing the mineral composition of the WTS, it is possible to see that the main 
difference between them is the calcium content. This difference can be explained by the addition 
of limestones insoluble residues that are added in the final stage of the sludge treatment at the 
St. Águeda WTP, which result in the increasing of the calcium content. Except for this mineral, 
there are no significant differences between the WTS regarding the mineral composition. The 
high aluminium content reflects the type of coagulants used in both WTP (aluminium 
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polyhydroxychlorosulfate). The presence of the other elements, such as phosphorus and iron may 
be related to the composition of the raw water, which are removed during the process treatment. 
 The total mineral content of each WTS (21.5 wt.% for St. Águeda WTS and 10.8 wt.% for 
Caldeirão WTS)  was expected to be similar to the ash content (Table 6.1 in Chapter 6.1). 
However, the results show a difference of about 20 % in both WTSs. This difference might be due 
to the content of other elements that hadn’t been completely solubilised in the acid digestion or 
even others that hadn’t been quantified in the mineral analysis.  An example of an element that 
hasn’t been quantified is the silicon, that according to literature, in some cases, is significant 
(Ahmad et al., 2016; Babatunde & Zhao, 2007; Lee et al., 2020). 
6.5 Textural Characterization 
Table 6.4 presents the results of the WTSs’ textural characterization. Caldeirão WTS’s 
surface area was higher than St. Águeda WTS’s surface area, therefore, is possible to assume 
that Caldeirão has a higher content of AC. The same conclusion can be made comparing the 
pore volume of the WTSs. The Caldeirão WTS’s pore volume was relatively higher than St. 
Águeda WTS’s pore volume. Despite the high surface area and pore volume of Caldeirão WTS, 
those values were far below the typical values for AC, according to the literature, AC’s surface 
area range between 800 to 1 500 m2/g, and the pore volume range between 0.7 to 2.8 cm3/g. 
Comparing the results achieved with the ones obtained by Lee et al., (2020), namely a pore 
volume of 0.024 cm3/g and a surface area of 6.547 m2/g, is possible to verify that the WTS used 
in the study had a higher surface area and pore volume. 
Table 6.4 – Textural characterization 
WTS Surface area (m2/g) Pore Volume (cm3/g) 
Caldeirão 318 0.161 
St. Águeda 127 0.065 
This result can be related to the ash content. Caldeirão WTS had a lower ash content but 
a higher surface area than St. Águeda, which means that there is less pore blockage (Lee et al., 
2020; Salvador et al., 2015). Comparing these results, it is expected to be obtained higher 
removal efficiencies with Caldeirão WTS. 
6.6 Preliminary Study 
The results of the preliminary study showed that the use of WTS containing AC as an 
adsorbent for estrogens is a promising approach. Table 6.5 shows the results obtained with this 
assay, based on which were calculated the removal efficiency of hormones obtained for each 
sludge (Figure 6.2 and Annex VIII). The removal efficiency was calculated based on the final 
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concentration which can be seen in Table 6.5. If the estrogens weren’t detected in a sample, then 
the LOQ was used for this calculation, these removal efficiencies correspond to the minimum 
removal occurred. Blank concentrations, presented in Table 6.5, were considered as the initial 
concentration of the assay. However, it is possible to see that the E1’s target concentration wasn’t 
achieved, which can be explained by possible operation errors, therefore, the determined 
concentration was used. As for E2 and EE2, the target concentration was achieved (in the error 
range) therefore, for these compounds, the target concentration was considered the initial 
concentration. 

















E1 1100 ± 400 500 1100 110 ± 40 < LOQ1 
700 ± 200 350 700 140 ± 50 < LOQ1 
400 ± 100 200 400 60 ± 20 < LOQ1 
E2 600 ± 200 500 500 60 ± 20 < LOQ2 
400 ± 100 350 350 80 ± 30 < LOQ2 
300 ± 100 200 200 < LOQ2 < LOQ2 
EE2 600 ± 200 500 500 150 ± 60 < LOQ2 
300 ± 100 350 350 170 ± 70 < LOQ2 
300 ± 100 200 200 100 ± 40 < LOQ2 
LOQ1= 60 ng/L 
LOQ2= 50 ng/L 
 
Overall, the results show the removal of at least 50 % of the initial concentration of the 
compounds for both WTSs (Figure 6.2), indicating that the use of WTS containing AC for the 
removal of these compounds has high potential, even without reactivation or regeneration. The 
results achieved, especially the results obtain with Caldeirão WTS, are comparable with the 
results achieved in the studies using pure AC, namely the following studies Chang et al. (2004), 
Gökçe & Arayici (2016), Guillossou et al. (2020), Ifelebuegu et al. (2006), Kovalova et al. (2013), 
Rowsell et al. (2009) and Yoon et al. (2003), which corroborates the high potential of the use 




Figure 6.2 – Removal efficiency results 
Comparing the results obtained for each WTS is possible to verify that Caldeirão WTS 
achieved higher removal rates than St. Águeda WTS, having been achieved the LOQ for all final 
concentrations when this sludge was used. Therefore the removal efficiencies for this sludge may 
be higher than calculated (Annex VIII). This difference can be explained because Caldeirão WTS 
had a higher surface area, which means a higher number of available sites which is a very 
important factor for the adsorption of this compounds (Ifelebuegu et al., 2006). The high removal 
efficiencies achieved by Caldeirão WTS may suggest that the AC present in this sludge still had 
adsorption capacity, which indicates that the reactivation process might not be necessary. 
Another aspect correlated with the adsorption capacity that can be seen in the results 
achieved for E2 and EE2 in both WTS and E1 in Caldeirão WTS is the correlation between the 
adsorbate concentration and the removal performance (Figure 6.3). The highest removal 
efficiencies were achieved for the highest concentration of these compounds. As mention in the 
literature review, according to Hadi et al. (2015), this happens because the increase of the initial 
concentration leads to the increasing of the driving forces of the concentration gradient that 
overcome the mass transfer resistance of the compound between the aqueous and solid phases, 
in other hand the increase of the adsorbate concentration promotes an increase of collisions 



























E1 (St. Águeda WTS)
E2 (St. Águeda WTS)







Figure 6.3 – Initial Concentration influence on the adsorption process 
Looking at the results obtained with St. Águeda WTS (Figure 6.4) is possible to observe 
some difference between the adsorption of the studied compounds. Through the results of the 
adsorption onto this WTS it seems that the compounds can be ranked in terms of adsorbability 
as following way E2 > EE2. This difference, according to Saha et al. (2010) might be related to 
size exclusion. Another explanation might be the blockade of the formation of hydrogen bonding 
by the triple bond present in EE2. Although the results show higher removal efficiencies for E1 
compared with the ones obtained for E2, is not possible to conclude that E1 have a higher 
adsorbability than E2 since the initial concentrations used were different. This difference can’t be 
seen in the results obtained with Caldeirão WTS since the final concentration resulting were below 
the LOQ. 
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The pH is an important factor affecting the adsorption process. However, in this study, the 
influencing of this parameter in the adsorption was not assessed. Yet, it can be established some 
conclusion about the pH of this assay, that was 3.3. This pH might have favoured the adsorption 
process since according to Ifelebuegu (2012), the estrogens are easily adsorbed onto AC at low 
and neutral pHs, in other hand according to the WTS pHpzc values (Table 6.2 in Chapter 6.2) the 
WTS’s surfaces were positively charged at the pH of the assays which may support the 
inexistence of electrostatic repulsion between the adsorbent and the adsorbate, which happen 
when the adsorbent is negatively charged (Ifelebuegu, 2012).  
In addition to the presence of AC with remaining adsorption capacity, the presence of other 
elements might also influence the adsorption performance of these sludges. The high content of 
aluminium gives to the WTS adsorbent properties even without activated carbon in their 
composition (Ahmad et al., 2016; Mohammed & Rashid, 2012; Yang et al., 2006; Zhou & Haynes, 
2012). In other hand, when AC is present the aluminium can improve the adsorption capacity of 
the WTS as explain by Lee et al., (2020). However, many studied concluded that the user of 
aluminium as a coagulant (Auriol et al., 2006; Bodzek & Dudziak, 2006) or in the constitution of 
WTS as a minimal capacity to remove micropollutants (Kulandaivelu et al., 2020). Therefore, is 
important to study if the aluminium improves the adsorption capacity of the WTS containing AC.  
Another aspect that might have influenced the adsorption onto the WTS is the fact that the 
studied compounds are classified as moderately hydrophobic (Guillossou et al., 2020; Hamid & 
Eskicioglu, 2012; Ifelebuegu et al., 2006; Rowsell et al., 2009; Yoon et al., 2003), this behaviour 
promotes the adsorption onto the sludge and therefore may also be responsible for the removal 
efficiencies achieved. 
Figure 6.5 shows the particle size distribution of the remained WTS used during the 
preliminary study. Through these results, it is possible to see for both WTSs that most of the 
sludge did not decrease its granulometry. However, it is possible to verify that about 37 % of St. 
Águeda WTS sample has decreased its granulometry during the preliminary study, unlike 
Caleirão WTS that had less than half of that percentage of sludge which decreased its 
granulometry. Regarding the fraction of the sample with a particle size higher than 45 mesh, it 
might be related with some aggregation during the preliminary study or even during the drying, 





Figure 6.5 – Particle size distribution of the remaining sludge a) Caldeirão WTS b) St. Águeda 
WTS 
6.7 Dosage study  
The results of the estrogens determination of the samples of the dosage study have not 
been delivered until the submission of this master thesis.      
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7 Conclusion and Future Developments 
The present work intends to give a contribution to the study of the application of WTS 
containing AC as a complementary treatment for the removal of EP in WWTP. The results of this 
work suggest that WTS containing AC presents adsorption potential, which leads to a new 
approach in the management of this erstwhile reside, lining up with the circular economy 
proposals. Considering the work developed and the results obtained throughout this study, the 
main conclusions were: 
• Even without regeneration, the WTSs achieved very high or even total removal 
efficiencies for the studied estrogens, comparable to the results obtained with pure 
AC. Both WTSs showed adsorption potential with efficiencies removal of at least 
50%;  
• The results suggest that Caldeirão WTS had a higher content of AC than St. 
Águeda WTS. WTS with higher surface areas leads to higher removal efficiencies 
for the removal of the studied compounds;   
• For Caldeirão WTS final concentration for all the three EP were lower than the limit 
of quantification. As for St. Águeda WTS, the results for E1 and E2 removal were 
similar to Caldeirão WTS, however, for EE2 the removal efficiency was lower; 
• Apparently, the initial concentration might affect the adsorption results. Higher 
estrogens concentration could lead to the highest removal efficiencies. 
This suggests a new and economic approach for the removal of these EP. It is also possible 
to conclude that during the mixing process most of the WTS did not decrease its granulometry, 
which is a positive factor in the application of these sludges in a large-scale. 
Since the preliminary study shows high potential for the use of WTS as an adsorbent further 
study must be considered, such as: 
• A complete textural characterization, in other to obtained information about the 
pores, and a surface chemistry evaluation, to identify surface functional groups; 
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• A dosage study to assed the WTS dosage that achieves the greater EDC’s 
removal; 
• And kinetic and equilibrium assays to go insight the adsorption mechanisms; 
• Evaluation of the impact of the presence of aluminium in the adsorption process; 
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Annex IV – Ash Content 
Table IV.1 – Ash content 
WTS Crucible (g) WTS+ Crucible (g) Ash + Crucible (g) Ash (g) Ash (wt.%) 
Caldeirão 
25.697 26.699 26.014 0.317 31.6 
24.144 25.148 24.445 0.301 30.0 
Sta. Águeda 
30.508 31.537 30.947 0.439 42.7 
31.276 32.293 31.714 0.438 43.1 
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 Annex VII – Mineral Analysis Results  
 
Table VII.2 – Mineral analysis results 
Element 









Al 53800.00 52200.00 49100.00 59800.00 
As 36.47 38.32 57.73 73.43 
Ca 113700.00 117000.00 5696.13 7162.95 
Cd ND ND ND ND 
Cr ND ND ND ND 
Cu 3.73 4.47 9.37 11.64 
Fe 6387.57 7393.42 8114.09 10771.01 
Hg ND ND ND ND 
K 286.6 265 106.9 133 
Mg 5535.83 5311.98 1821.574 2738.973 
Mn 449.625 487.648 136.271 164.523 
Mo 5.44 5.16 4.58 5.84 
Na 15.86 16.38 4.91 5.97 
Ni ND ND ND ND 
P 33258.13 34375.07 30705.05 39189.61 
Pb 12.98 13.30 11.42 16.70 
Sb 36.39 37.62 33.59 41.18 
Se 38.21 38.59 37.50 45.09 
Zn 20.44 23.16 14.06 16.92 
Total 213 587.2 217 210.2 95 853.1 120 176.7 




Annex VIII – Preliminary Study Removal Efficiency 
Results 
Table VIII.3 – Removal efficiency results 
Compound Initial  
Concentration  
(ng/L) 





E1 1100 90.00 >94.54 
700 80.00 >91.42 
400 85.00 >85.00 
E2 500 88.00 >90.00 
350 77.14 >85.71 
200 >75.00 >75.00 
EE2 500 70.00 >90.00 
350 51.43 >85.71 
200 50.00 >75.00 
 
